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ABSTRACT 
Serpulina hyodysenteriae has been shown to be the causative agent of swine 
dysentery, a mucohemorrhagic diarrheal disease of swine. The disease has been characterized 
as an inflammatory colitis in swine or a cecitis in mice. Previous work using monoclonal 
antibodies to CD 18 or CD 29 demonstrated that an inflammatory cell infiltration was critical in 
the development of dysenteric lesions. In the present studies, a murine model was used to 
investigate the induction of proinflammatory cytokine (e.g., IL-1 ~ and TNF- a) or chemokine 
(e.g., MIP-2) messenger RNA at various times postinfection with S. hyodysenteriae B204. 
Total RNAwas isolated from murine cecal tissues at 1, 2, 3, 4, or 10 days following challenge. 
Semi-quantitative RT-PCR was used to determine the relative expression of TNFa, IL-1~ and 
MIP-2 mRNA. In comparison to samples recovered from noninfected mice, a slight increase of 
TNFa mRN A expression ( 1.5 fold) was demonstrable in cecal tissues of mice infected with S. 
hyodysenteriae as early as 24 hrs postinfection, while the upregulation of IL-1 ~ mRN A (~5 
fold) was not detected until 4 days Pl. A 5-fold increase in MIP-2 mRNA expression was also 
detected at 24 hrs postinfection. These data were consistent with the detection by 
immunohistochemistry of a granulocytic infiltration between 24 and 48 hours after S. 
hyodysenteriae infection. Previous studies showed that hypoxoside, an anti-inflammatory drug 
inhibited the production of TNF-a, IL-1, IL-6, nitric oxide and decreased the expression of 
vascular cell adhesion molecule-1 (VCAM-1) and nitric oxide synthase (iNOS) in vitro. In the 
present studies, mice were treated with hypoxoside to examine the effect of hypoxoside on 
local cytokine (TNF-a) mRNA expression and lesion formation caused by S. hyodysenteriae 
infection. These data showed that hypoxoside abrogated cecal lesions and inhibited TNF-a 
mRNA expression (by 40%) in cecal tissues following S. hyodysenteriae infection. Another 
important factor involved in the pathogenesis of swine dysentery is intestinal flora. Numerous 
studies showed that the presence of normal flora is required in lesion formation in swine 
dysentery. Two previous studies showed that mice treated with combinations of antibiotics 
failed to develop lesions following S. hyodysenteriae infection. In the current studies, mice 
were treated with the same combinations of antibiotics as used in previous studies to confirm 
the results of previous work and further investigate the interaction between normal flora and the 
host. The effect of normal flora on local cytokine expression was assessed by comparing TNF-
a mRNA expression in cecal tissues of antibiotic-treated mice and that in cecal tissues of 
normal noninfected mice using semi-quantitative RT-PCR. These results demonstrated that 
depletion of intestinal flora by antibiotics abrogated cecal lesions and downregulated TNF-a 
mRNA expression (by approximately 40%) in cecal tissues after S. hyodysenteriae infection. 
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GENERAL INTRODUCTION 
Background and Rationale 
Serpulina hyodysenteriae is the causative agent of swine dysentery, a mucohemorrhagic 
diarrheal disease of swine. The disease is characterized by a local inflammatory response, 
grossly by cecitis and colitis, microscopically by superficial epithelial erosions, lamina proprial 
congestion, inflammatory cell infiltration and colonic crypt hyperplasia. Several other species 
of animals that develop swine dysentery-like lesions after infection with S. hyodysenteriae 
have been utilized as alternative models. The most commonly used and well-documented small 
animal model for swine dysentery is the murine model. Lesions in mice are less severe than 
those in swine and are limited to the ceca. Like other local inflammatory responses, the 
characteristic lesion of swine dysentery is associated with a leukocytic infiltration. Neutrophilic 
infiltration has been observed by 24 hrs after S. hyodysenteriae infection, and maximizes at 48 
hrs postinfection (Pl) (153). Previous work using monoclonal antibodies to CD 18 or CD 29 
demonstrated that an inflammatory cell infiltration was critical in the development of dysenteric 
lesions (153). Leukocyte recruitment is believed to be mediated via the production of 
proinflammatory cytokines, such as TNF-a and IL-1 ~' the expression of adhesion molecules, 
and the production of chemotactic factors, such as chemokines (e.g., MIP-2). 
The major cellular sources of both TNFa and IL-1 ~ are mononuclear phagocytes, but 
IL-1 ~ can be expressed by more diverse cell types, such as epithelial or endothelial cells and 
lymphocytes. The principal biologic effects of both cytokines are as mediators of local 
inflammation. Specifically, they act on vascular endothelial cells to express adhesion molecules 
(e.g., ICAM-1, VCAM-1) that mediate leukocyte infiltration, initially neutrophils and 
subsequently monocytes and lymphocytes. TNFa also increases surface molecules on 
neutrophils. Both cytokines stimulate mononuclear phagocytes and other cell types to 
synthesize chemokines. Four branches of chemokines have been defined so far according to 
the differences in amino acid sequence in the cysteine motif (190). They are C-X-C, C-C, C 
and CX3C chemokines. Members of C-X-C chemokines (e.g., KC and MIP-2 in murine 
species), are chemotactic for neutrophils, but not mononuclear leukocytes. 
Previous work has shown that S. hyodysenteriae endotoxin induced production of both 
TNFa and IL-1 ~ by murine peritoneal exudate cells ( 43), but only induced the production of 
IL-1~ by porcine alveolar macrophages (154). No information has been obtained so far 
regarding the local expression of cytokines within the colonic mucosa following infection with 
S. hyodysenteriae. 
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Anti-inflammatory drugs inhibit local inflammatory responses by directly or indirectly 
blocking various inflammatory factors, such as proinflammatory cytokines. Hypoxoside is a 
drug isolated from the plant family Hypoxidaceae. In the colon, hypoxoside is converted by 
bacterial p-glucosidase into its cytotoxic aglucone compound called rooperol (6). Recently, 
several studies showed that rooperol has anti-inflammatory effects and possible usefulness in 
the treatment of inflammatory diseases. One of those studies demonstrated that rooperol 
inhibited the production of TNF-a, IL- I, IL-6 and nitric oxide by endotoxin-stimulated human 
alveolar macrophages, human blood monocytes, histiocytic cells, and rat alveolar macrophages 
in vitro (44). Another study showed that rooperol decreased the expression of vascular cell 
adhesion molecule-1 (VCAM-1) and nitric oxide synthase (iNOS) in cultured microvascular 
endothelial cells stimulated by TNF-a or IFN-y (13). However, no in vivo test has been done 
regarding the anti-inflammatory effects of hypoxoside. 
Since the host response has been shown to be a critical factor in lesion development, 
defining pathogenic mechanisms becomes necessary for understanding what factors of host 
response contribute to the onset of the disease. To investigate the host responses involved in 
the early stage of local inflammation, we have used a mouse model in this thesis research to 
analyze the specific cytokine responses in vivo at one to ten days after S. hyodysenteriae 
infection, and the changes in local cytokine production after treatment with hypoxoside. 
Besides host inflammatory response, the presence of normal flora is another important 
factor involved in the pathogenesis of swine dysentery. Numerous studies showed that 
intestinal flora is required for lesion formation in swine dysentery (19, 49, 55, 81, 114-116, 
127, 203). Gnotobiotic pigs and mice have been commonly used for this purpose. Gnotobiotic 
pigs and mice developed gross lesions when they were infected concomittantly with S. 
hyodysenteriae and Bacteroides vulgatus, but not with S. hyodysenteriae alone, even though 
colonization by S. hyodysenteriae was found at a high density in the ceca of those gnotobiotic 
animals. Mice treated with antibiotics have also been used to address the same issue. Two 
independent studies were conducted using combinations of anbiotics to abrogate intestinal flora 
in mice infected with S. hyodysenteriae. In one of those two studies, conventional C3H/HeSnJ 
and BALB/cByJ mice were treated with a combination of 5 antibiotics (spiramycin, 
spectinomycin, vancomycin, colistin, and rifampicin) to deplete normal flora before and after 
they were infected with S. hyodysenteriae (126). The results from this study showed that mice 
treated with antibiotics had no gross lesions, even though they had a similar level of 
colonization by S. hyodysenteriae as that of mice not treated with antibiotics. The other study 
was conducted later in conventional C3H/HeOuJ mice treated with a combination of 3 
antibiotics (rifampin, colistin, spiramycin) and infected with S. hyodysenteriae (36). The 
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combination of 3 antibiotics used in that study did not significantly reduce the total number of 
cecal microflora, but it eliminated strictly anaerobic Gram negative bacteria, such as 
Bacteroides vulgatus. The numbers of the spirochete recovered from antibiotic-treated mice 
were not significantly reduced in comparison to those recovered from nontreated mice. Again, 
the antibiotic-treated mice developed less severe lesions or failed to develop lesions when 
compared to nontreated mice. Results from these studies repeatedly suggested an active role of 
the members of normal flora, such as Bacteroides vulgatus, in the pathogenesis of swine 
dysentery. However, the mechanisms by which normal flora facilitate the lesion formation are 
not clear. To confirm the results of previous studies and to further investigate the mechanisms 
by which the interaction between normal flora and host inflammatory responses takes place, we 
have used, in this thesis research, the same combinations of antibiotics as used in the previous 
two studies to examine the effect of normal flora on lesion formation, cecal epithelial 
proliferation and local proinflammatory cytokine production. 
Objectives of the Thesis 
The objectives of this thesis research were: a) to analyze the specific cytokine responses 
(expression of TNFa, IL-1~ and MIP-2 mRNA) in mouse cecal tissues at one to ten days after 
S. hyodysenteriae infection; b) to examine the effect of hypoxoside on lesion formation, cecal 
epithelial proliferation and local cytokine gene expression following infection with S. 
hyodysenteriae; c) to investigate the effect of normal flora on lesion formation and local 
cytokine production following infection with S. hyodysenteriae. 
Thesis Organization 
This thesis is organized in a standard format consisting of five chapters: a General 
Introduction, a Literature Review, Materials and Methods, Results, and Discussion and 
Conclusions. Following the Discussion and Conclusions are the references of the thesis. 
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LITERATURE REVIEW 
Swine Dysentery 
Swine dysentery is an inflammatory, mucohemorrhagic diarrheal disease of pigs. The 
disease has been recently estimated to cause about 180 million dollars of financial loss annually 
because of mortality, decreased rate of growth, and the cost of antibiotic therapy (71). 
Swine dysentery was first described by Whiting in 1921 (204), but the etiologic agent 
remained unknown for 50 years. During those 50 years, a number of different organisms were 
reported as to be associated with swine dysentery, including some Salmonella spp., a Vibrio-
like organism, and spirochetes. In Whiting's original publication, he reported that some 
Salmonella spp. were isolated from the inflammatory sites, but pigs inoculated with this 
organism displayed very different symptoms and signs from those of swine dysentery. In 
1944, Vibrio coli was first suggested by Doyle as a causitive agent of swine dysentery (30). 
Pigs exposed to pure cultures of V coli devoloped symptoms and signs milder than those of 
typical swine dysentery (30, 104, 195). Later, James and Doyle reported that typical swine 
dysentery was reproducible when pigs were fed a mixture of vibrio cultures with gastric mucin 
(64). However, there were numerous other papers reporting that cultures of V. coli failed to 
reproduce swine dysentery (16, 25, 109). Spirochetes had been observed in large numbers in 
intestinal contents, mucosal scrappings, and inflammatory sites of pigs with swine dysentery 
and described by many researchers from the very beginning (14, 148, 185, 193, 196, 204), 
but the reproduction of the disease with these organisms was not successful. Finally, in 1971, 
a large spirochete, termed Treponema hyodysenteriae, was identified as the etiologic agent of 
swine dysentery simutaneously by Taylor and Alexander at Cambridge University and Harris 
and Glock at Iowa State University (51, 184). In 1991, Treponema hyodysenteriae was 
reclassified into a new genus Serpula based on the fact that T. hyodysenteriae has less than 5% 
homology with other treponemal species in DNA and 16S rRNA sequences (174). In 1992, the 
genus name Serpula was changed to Serpulina because there had been a fungal genus named 
Serpula (172). 
Epidemiology 
Since the first description of swine dysentery as a distinct disease entity in 1921 , the 
disease has been reported to occur in most major pig producing areas of the world. In 1982, 
Egan reported that 40% of slaughter pigs in Iowa, Illinois and Missouri were seropositive for 
Serpulina hyodysenteriae (31). In 1984, a veterinary survey conducted by Taylor indicated that 
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27% of the herds in the United Kingdom were affected with swine dysentery (183). According 
to a 1992 report, the prevalence of swine dysentery in the United States seems to be decreasing 
associated with eradication or depopulation programs, improved sanitation, and the use of 
effective antibiotics; 11 % of US herds from 17 states were tested seropositive for S. 
hyodysenteriae, with seropositive pigs decreasing to 33% in Iowa herds and 3% in Illinois 
herds (110). In spite of this, swine dysentery still appears to be prevalent in most countries and 
remains economically important to the swine industry. 
Swine dysentery is transmitted by a fecal-oral route. Transmission of the disease 
primarily occurs by ingestion of fecal material from clinically ill, convalescent or asymptomatic 
carrier pigs. Asymptomatic carrier pigs are the most important source of infection. 
Transmission of swine dysentery has been observed when susceptible pigs were exposed to 
infected hog lots, drainage from a pasture holding dysenteric pigs (57), or lagoon effluent from 
a farm where swine dysentery was endemic (40). Serpulina hyodysenteriae has been found in 
the intestinal tracts of mice, rats and dogs (38, 46, 52, 167). It has been demonstrated that mice 
and dogs experimentally infected with S. hyodysenteriae shed the organism in their feces and 
transmitted the disease to pigs (38, 70, 167). Flies have been shown to carry the organism for 
up to 4 hours. 
Swine dysentery was most commonly observed in 7- to 12-week-old pigs (105), but 
adult pigs may also be affected. It was reported that the disease incidence was higher in the late 
summer and fall in the United States (50). In field cases, mortality of swine dysentery may 
range from 10% to 30%, depending on the effectiveness of treatment (53). Under experimental 
conditions, mortality may reach 50% if pigs are not treated. When pigs are naturally infected, 
the incubation period of swine dysentery may range from 2 days to 3 months, but the average 
is 10 to 14 days (50). When pigs are experimentally infected with S. hyodysenteriae, 
incubation time varies with the number of organisms in the inoculum. 
Diagnosis 
Diagnosis is made on the basis of clinical signs, gross lesions, microscopic 
identification of large spirochetes and other laboratory findings (cultural, biochemical and 
serological diagnostic). Clinical swine dysentery was arbitrarily divided into peracute, acute, 
subacute and chronic forms, depending on the disease onset and course (169). Peracute form is 
a very rare case in which infected pigs die within a few hours without any evidence of 
symptoms. The first evidence of the disease in a typical acute case is soft and yellowish feces, 
and sometimes accompanied with partial anorexia and increased rectal temperature. As the 
disease progresses, increasing amounts of mucus, flecks of blood, and sometimes necrotic 
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shreds of tissue are seen in the more watery feces (169). Prolonged diarrhea leads to 
dehydration, weight loss, and depression. Death usually results from severe dehydration, 
acidosis, and consequent hyperkalemia. The subacute form occurs with loss of weight and a 
less marked diarrhea. A chronic phase is often seen after acute or subacute phase, during which 
diarrheal feces contain more necrotic membranes and well-mixed dark blood (169). 
Swine dysentery is a local inflammatory disease characterized by the presence of 
lesions in the cecum and colon. Macroscopically, the lesions consist of hyperemia and edema 
of the mucosa, submucosal glands, mesentery and sometimes serosa of the large intestine. The 
mucosa} surface of the large intestine is covered by mucus, fibrin, blood and intestinal content. 
In severe cases, a pseudomembranous exudate consisting of fibrin and necrotic epithelium is 
often seen on the mucosa! surface. Gross lesions may only involve a certain segment of the 
large intestine in some cases, but lesions tend to be more diffuse in chronic phase (53). 
Microscopically, the initial changes include superficial epithelial necrosis and lamina proprial 
congestion. As a consequence of superficial epithelial erosion, goblet cells as well as the 
epithelial cells at the base of the crypts undergo hyperplasia and are often enlarged and 
hyperchromic, thus giving the appearance of crypt elongation. Leukocyte extravasation from 
congested capillaries causes excessive accumulation of leukocytes in lamina propria. The depth 
of mucosa and submucosa is increased due to crypt elongation, vascular congestion and 
extravasation of fluids and leukocytes. Necrotic epithelial cells at the shoulder of an affected 
crypt may be eroded away, leaving the superficial lamina proprial capillaries damaged and 
exposed. An exudate of fibrin and blood from the damaged capillaries, along with the 
overlying mucus and cell debris, form the typical dysenteric colonic content, (i.e., 
pseudomembrane) seen macroscopically. Chronic changes do not differ much from acute 
lesion, although less hyperemia and edema, and more necrosis of superficial epithelial cells 
have been observed in some cases (53). 
Ultrastructural changes in the large intestines during swine dysentery have been 
characterized (4, 85, 184, 186). The early changes detected by scanning electron microscopy 
include superficial vascular congestion, the consequent edema of lamina propria and separation 
between epithelial cells. This was followed by epithelial cell necrosis and detachment from the 
lamina propria. Then mucus, fibrin and erythrocytes appeared on the mucosa. Spirochetes 
were trapped in the mucus-filled crypts and the mucus covering the luminal surface. 
Pathological changes detected by transmission electron miroscopy include edema between 
epithelial cells, destruction of microvilli, swelling of mitochondria and endoplasmic reticulum, 
and loss of other organelles. Large numbers of spirochetes were found around disrupted 
epithelial cells (4, 85, 184, 186). 
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Swabs are commonly used to collect samples of intestinal mucosa or feces. Tissue or 
fecal samples can be used as wet mounts or tissue impression smears to demonstrate the 
presence of large spirochetes by phase-contrast or dark-field microscopy, or by crystal violet, 
carbol fuchsin, or Victoria blue staining. Definitive diagnosis is based on the isolation and 
identification of S. hyodysenteriae from intestinal tissue samples or feces. Most selective media 
were derived from a medium containing spectinomycin and 5% bovine or horse blood by 
adding antibiotics (67, 100, 168). One commonly used medium (BJ) contains five 
antimicrobial agents (spiramycin, rifampin, vancomycin, colistin, and spectinomycin) and 
selects S. hyodysenteriae by inhibiting the growth of most of the intestinal microflora ( 100). 
Diagnosis of swine dysentery becomes difficult because of the presence of S. innocens, 
a morphologically similar, but nonpathogenic inhabitant of porcine large intestine. One way to 
differentiate these two organisms is that S. hyodysenteriae is strongly B-hemolytic while S. 
innocens is weakly B-hemolytic, when grown on selective medium containing blood. 
Enteropathogenicity tests using pigs, mice, or isolated swine colonic loops as models have 
been reported to be useful in distinguishing between S. hyodysenteriae and S. innocens (76, 
202). Commercial kits (RapID-ANAII, ANI card, API ZYME and An-Ident) based on 
biochemical tests (e.g., alpha-galactosidase test, indole test) have been used to differentiate 
these two species (2, 12, 60). Molecular biological methods have been shown to be specific in 
the identification of S. hyodysenteriae and its differentiation from S. innocens, including RFLP 
analysis, 16S rRNA analysis by hybridization with oligonucleotide probes, genomic DNA 
analysis by Southern blotting, and PCR amplification (48, 68, 69, 170). Reported methods 
also include immunoblotting, enzyme-linked immunosorbant assay, and a series of other 
serologic tests (27, 80). 
Prevention and treatment 
Many different production methods can be employed for control and prevention of 
swine dysentery. Quarantine of all new pigs is necessary to keep the disease from being 
introduced into a noninfected herd (53). Proper cleanup procedures should be taken to avoid 
the introduction of infected feces through poor sanitary condition of the facilities or 
contaminated boots, coveralls and farm implements. Minimizing stress from handling or 
environmental changes, or using preventive levels of antispirochetal substances may be useful 
(53). Since convalescent pigs are protected in some cases against re-infection, vaccination 
seems to be a good candidate to take the place of the use of expensive antibiotics in the 
prevention of swine dysentery. However, vaccine development has not been very successful 
even though numerous attempts have been made to develop efficacious vaccines. So far, only 
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partial protection has been achieved by vaccination. Parenteral administration of killed, whole 
cells or subunits of S. hyodysenteriae has been reported (32, 72, 139, 199), with multiple 
injections being more protective (37, 39). Parenteral immunization with killed, whole cells 
followed by an oral administration of live, avirulent S. hyodysenteriae gave better protection 
than parenteral immunization alone, but it is still only partially protective (54, 59, 106, 107). 
Recent studies involving the use of a S. hyodysenteriae tly-A-minus mutant or recombinant 
DNA vaccines based on different antigenic components of S. hyodysenteriae also demonstrated 
only partial protection (17, 63, 188). 
Numerous chemicals and antibiotics have been reported to be effective in the treatment 
of swine dysentery, including organic arsenicals, carbadox, dimetridazole, ronidazole, 
lincomycin, and tiamulin. Tiamulin was the most effective among these antitreponemal 
substances (I 13). 
Serpulina hyodysenteriae 
Serpulina hyodysenteriae is a large, gram-negative, oxygen tolerant, anaerobic 
spirochete. The organism is 0.32 to 0.38 µm diameter and 6 to 8.5 µmin length (51). Each cell 
consists of a protoplasmic cylinder surrounded by 7 to 13 flagella, which originate from each 
end of the cell and overlap at the center of the cell. The whole cell is encased in a periplasmic 
membrane (53). Serpulina hyodysenteriae can utilize many carbohydrate substrates as energy 
sources. It also requires cholesterol and phospholipid for growth, as their metabolites are 
important components of cellular lipids. Blood agar and trypticase soy broth or brain heart 
infusion (BHI) broth supplemented with serum are commonly used media. Optimal growth has 
been shown in BHI broth supplemented with fetal calf serum with vigorous stirring and an 
atmosphere of 99% N2: 1 % 02 (175). 
Experimental models 
Most early experiments, such as etiologic and histologic studies, utilized pigs as the 
animal model. After S. hyodysenteriae was identified as the etiologic agent of swine dysentery, 
numerous studies have been done on the pathogenesis of swine dysentery; mainly the effect of 
alteration of the colonic microenvironment, including the change of microflora and diet, on 
lesion formation in the swine model. 
A number of research groups demonstrated that gnotobiotic pigs infected with S. 
hyodysenteriae did not develop gross lesions or clinical signs related to swine dysentery even 
though S. hyodysenteriae colonized the large intestine of gnotobiotic pigs (19, 49, 114-116, 
203). This suggests that the presence of other organisms is required to cause disease. These 
9 
researchers also reported that clinical signs and colonic lesions typical of swine dysentery were 
observed when gnotobiotic pigs were orally inoculated with S. hyodysenteriae in combination 
with selected gram negative anaerobes, specifically Bacteroides vulgatus or Fusobacterium 
necrophorum, or both. The coinfection of pigs with S. hyodysenteriae and both anaerobes 
induced a more severe disease than S. hyodysenteriae or either anaerobe alone (19, 49, 114-
116, 203). The exact role of intestinal microflora in the pathogenesis is not known, yet several 
hypotheses have been proposed: 1) normal flora have effects (e.g., inflammatory) on the host 
to facilitate lesion formation, 2) there is an interaction between S. hyodysenteriae and the 
normal flora that makes S. hyodysenteriae more virulent, or 3) both of the above (203). 
Several possible mechanisms may be related to the first hypothesis. Normal flora might 
make the host more susceptible to S. hyodysenteriae infection by mechanically affecting the 
structure of epithelium to allow the invasion of S. hyodysenteriae or by stimulating the host 
mucosal tissues to maintain a certain level of immune responses (e.g. a certain level of cytokine 
production) which will be important later in initiating the inflammatory response after the 
infection with S. hyodysenteriae. Joens et al. reported that in the large intestines of pigs 
infected with S. hyodysenteriae, a large number of spirochetes were found on the mucosal 
surface as well as in the crypts, while Bacteroides and Fusobacterium were found only on the 
mucosal surface, indicating the physical interaction between the normal flora and the host 
mucosal tissues was not obvious (77). Unfortunately, no further investigation on how the 
normal flora could affect the structure of host colonic mucosa has been carried out so far. 
The second hypothesis implies that normal flora may have some direct or indirect 
effects on S. hyodysenteriae, such as increasing the expression of virulence factors, mucin 
chemotaxis and motility of S. hyodysenteriae, by providing the appropriate 
microenvironmental pH, redox potential, or nutritional requirement. However, no evidence has 
been obtained so far supporting any of these possible mechanisms. On the other hand, S. 
hyodysenteriae may affect the normal flora by selectively enhancing the colonization of specific 
species of the normal flora that are required for lesion formation following infection. In fact, it 
has been demonstrated that the bacterial population adherent to the colonic mucosa increased by 
approximately 1000-fold per gram tissue and the predominant flora shifted to gram negative in 
dysenteric pigs as compared with that in normal pigs (9, 149). Finally, the requirement of the 
normal flora in the lesion development may be the reason why these lesions typical of swine 
dysentery are only seen in the large intestine. However, both of the above hypotheses need 
further study. 
The effect of diet on lesion formation is another subject related to the pathogenesis of 
the disease. Several studies have shown that pigs experimentally infected with S. 
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hyodysenteriae were protected from developing clinical signs and the characteristic colonic 
lesions when they were fed a highly digestible diet (142, 165). This diet increased the pH 
values in swine large intestine by reducing the amount of fermentable substrate in the large 
intestine (165). The logical presumption here is that the change of pH may cause an alteration 
of normal flora and the subsequent failure of colonization by a sufficient level of S. 
hyodysente riae. 
Other models have been developed for various experimental purposes. Ligated colonic 
loops from swine have been utilized in some pathophysiologic studies of swine dysentery (8), 
enteropathogenicity testing of S. hyodysenteriae isolates (202), and some studies associated 
with the pathologic effect of B-hemolysin (15). This model was also used by Joens et al. to 
demonstrate that antisera from convalescent pigs provided protection from lesion formation 
(74, 83) . 
Several other species of animals that develop swine dysentery-like lesions after 
infection with S. hyodysenteriae have been utilized as alternative models. Joens et al. 
demonstrated lesions in guinea pigs infected with S. hyodysenteriae, but the high mortality rate 
seen in infected guinea pigs limited the usefulness of this model (82). One day old chicks 
inoculated with S. hyodysenteriae developed clinical signs and cecal lesions like those of swine 
dysentery (181). Rabbit ileal loops were also used in one study for enteropathogenicity testing 
(93). 
The most commonly used and well-documented small animal model for swine 
dysentery is the murine model. The first study of a murine model was conducted by Joens et 
al., in which a catarrhal typhlitis and histopathological lesions very similar to those in swine 
were induced in CF-1 mice after oral inoculation of S. hyodysenteriae (75). Various other 
strains of mice have also been reported to be susceptible to S. hyodysenteriae infection. 
However, susceptibility to S. hyodysenteriae colonization and subsequent lesion formation 
varies among different strains of mice. Ta:CF-1 mice exhibited highly reproducible lesions 
after only a single inoculation of 102 to 107 colony-forming units (CFU) of S. hyodysenteriae 
without any fasting (179). Nuessen et al. reported that lipopolysaccharide (LPS) 
hyporesponsive C3H/HeJ mice did not develop macroscopic cecal lesions after S. 
hyodysenteriae infection, whereas LPS responsive C3HeB/FeJ mice did (135). Based on these 
studies, the authors suggested that the LPS from S. hyodysenteriae was a major virulence 
attribute. However, a study by Nibbelink and Wannemuehler revealed that cecal lesions were 
inducible in various mouse strains including C3H/HeJ following S. hyodysenteriae infection, 
but not in BALB/cByJ stain (131). In that study, the infective doses for different strains were 
titrated. When comparing the various mouse strains, the results showed that the differences in 
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the colonization by S. hyodysenteriae and the resultant cecal scores were more significant 
when the challenge dose was 1 Q5 or less, while the colonization level and lesion scores were 
similar at a challenge dose of 1Q8 S. hyodysenteriae. This observation implied that a threshold 
level of colonizing S. hyodysenteriae was required for lesion formation and this threshold 
level varied for different strains of mice. The cause of variation in susceptibility to S. 
hyodysenteriae colonization and lesion development was not completely clear, but may include 
genetic factors, such as the H-2 haplotype, or environmental factors such as the quality of the 
normal flora. 
To examine the effect of normal flora in lesion development in the mouse model, 
gnotobiotic CF-1 mice were infected with either S. hyodysenteriae alone or in combination 
with Bacteroides vulgatus (81 ). Gnotobiotic CF-1 mice developed gross lesions when they 
were infected concomittantly with S. hyodysenteriae and Bacteroides vulgatus, but not with S. 
hyodysenteriae alone, even though high density of colonization by S. hyodysenteriae was 
found in the ceca of gnotobiotic CF-1 mice in both cases. However, some mild microscopic 
changes, mainly vacuolar degeneration of crypt basilar epithelial cells, did occur with S. 
hyodysenteriae alone. Experiments regarding the need of secondary flora in the characteristic 
lesion development have also been conducted in gnotobiotic Ta: CF-1 mice (55) and 
gnotobiotic CD-1 mice ( 127). Similar observations were reported in these two strains of 
gnotobiotic mice as those in gnotobiotic CF-1 mice. To prove that the absence of macroscopic 
lesions in gnotobiotic mice which were infected with S. hyodysenteriae alone was not due to an 
immature host immune response of the gnotobiotic animals, conventional C3H/HeSnJ and 
BALB/cByJ mice were treated with a combination of 5 antibiotics (spiramycin, spectinomycin, 
vancomycin, colistin, and rifampicin) to deplete normal flora and infected with S. 
hyodysenteriae (126). The number of gram negative, gram positive and total anaerobic bacteria 
decreased by 1Q5 CFU/g of cecum after treatment with the antibiotics. Colonization by S. 
hyodysenteriae in BALB/cByJ mice was made possible by a special diet, which will be 
reviewed in the subsequent paragraph. The results from this study showed that mice treated 
with antibiotics had no gross lesions, even though they had a similar level of colonization by S. 
hyodysenteriae (mean total S. hyodysenteriae CFU in individual cecum of mice) as that of mice 
not treated with antibiotics, thus further supporting the role of normal flora in lesion induction. 
A similar study was done later in conventional C3H/HeOuJ mice treated with a combination of 
3 antibiotics and infected with S. hyodysenteriae (36). The antibiotic cocktail used in the study 
did not significantly reduce the total number of cecal bacteria (cecal microflora). However, the 
antibiotics significantly reduced the numbers of strictly anaerobic Gram negative bacteria, such 
as Bacteroides vulgatus, while the numbers of the spirochete recovered from antibiotic-treated 
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mice (8.41 CFUs/g of cecum) was not significantly reduced in comparison to those recovered 
from nontreated mice (8.65 CFU/g of cecum). Again, the antibiotic-treated mice developed less 
severe lesions or failed to develop lesions when compared to nontreated mice. The study also 
showed that the lesions developed in the mice previously treated with antibiotics 12 days after 
the antibiotics were removed. The results again suggests an active role of members of normal 
flora, such as Bacteroides vulgatus. 
The inconsistency in reproducing the disease in murine models made it necessary to 
develop models with enhanced susceptibility. Several attempts were made, including 
enhancing colonization of S. hyodysenteriae by oral administration of streptomycin or specific 
anaerobes (55, 143). However, it was shown that streptomycin did not affect the colonization 
or progression of cecal lesions in C3H mice (124). Finally, an enhanced murine model was 
developed by Nibbelink et al. using Teklad Diet TD 85420, a nutritionally defined but complete 
diet (132). The diet was demonstrated to render resistant BALB/cByJ mice susceptible and 
greatly enhance the susceptibility of C3H/HeN and C3H/HeJ mice to lesion formation by 
increasing colonization of S. hyodysenteriae. However, a later study by Galvin et al. showed 
that the diet did not increase colonization by S. hyodysenteriae in C3H/He0uJ mice even 
though it increased the severity of the cecal lesions. The author concluded that the increase in 
the severity of lesions could not be solely attributed to increased colonization of S. 
hyodysenteriae. The author suggested that the diet may influence the severity of lesions by 
increasing the number of commensal organisms which may allow S. hyodysenteriae to fully 
express its virulence or may affect the induction of host inflammatory response after S. 
hyodysenteriae infection. Recent experiments by Hutto et al. compared the time of onset and 
the severity of lesions caused by S. hyodysenteriae infection in mice maintained on the TD or 
on the conventional rodent chow (CRC) (62). An earlier onset and prolonged persistence of 
more severe lesions were demonstrated in mice fed the TD when compared to that in mice fed 
the CRC. The most severe lesions were observed on day one postinfection (Pl) in mice fed the 
TD as opposed to day four PI in mice fed the CRC. The severity of lesions was maintained in 
mice fed the TD throughout the experiment ( 17 days), while it decreased over time in mice fed 
the CRC. The time of onset of lesions caused by S. hyodysenteriae infection in mice 
maintained on the TD was accurately described by Hutto in a more recent study. Microscopic 
lesions were observed as early as 7 hours PI and were severe by 30 hours PI. Ultrastructural 
changes were first apparent at 6 hours PI (61). 
Several other murine models have been used to characterize the specific immune 
reponses involved in pathogenesis. Suenaga et al. reported that BALB/c nude mice had a 
higher incidence of cecal lesions when compared to phenotypically normal heterozygous mice 
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(180). Nibbelink et al. demonstrated lesions in mast cell-deficient W/WV mice following 
infection with S. hyodysenteriae (130). Later, Nibbelink et al. also reported that severe 
combined immunodeficiency (SCIO) mice derived from C3H/HeSnJ lineage developed gross 
cecal lesions similar to those in C3H/HeN at 15 days PI (128). 
Mice infected with S. hyodysenteriae display histopathological changes, including 
mucosal edema, superficial epithelial cell erosions and epithelial cell hyperplasia, similar to 
those found in infected swine, but these changes are confined to ceca. Infected mice develop 
less severe clinical signs, consisting only of a catarrhal cecitis with slight diarrhea. However, 
the disease can become chronic in mice, with colonization of S. hyodysenteriae and the 
presence of lesions observed at 70 days PI ( 131 ). 
In dysenteric pigs, large numbers of spirochetes can be found in crypts, but mucosa! 
invasion does not seem to be essential for lesion formation. In gnotobiotic mice 
monoassociated with S. hyodysenteriae, no macroscopic lesions were noted even though large 
numbers of spirochetes were observed between and within cecal epithelial cells, and in the 
lamina propria, again implicating that the disease is not caused by invasion of spirochetes into 
cecal mucosa ( 127). 
Ultrastructural changes in the cecal mucosa of mice infected with S. hyodysenteriae 
consisted of disarray and subsequent loss of microvilli and terminal web, changes indicative of 
increased capillary endothelial permeability, dilatation in intercellular spaces, cellular 
infiltration, lateral extension of epithelial cell cytoplasmic processes and finally necrosis and 
exfoliation of epithelial cells (61).Luminal bacteria were internalized by epithelial cells, lamina 
proprial macrophages and many recruiting cells in the deep lamina propria. C3H/He0uJ mice 
which were maintained on the TD and infected with S. hyodysenteriae exhibited their earliest 
ultrastructural changes at 6 hours Pl. Infiltration of heterophils and macrophages was observed 
at 24 to 30 hours PI (61). Spirochetes were seen between necrotic epithelial cells only when 
they were detached from mucosa but not when they were still attached to mucosa, further 
supporting the hypothesis that mucosa! invasion is not necessary for S. hyodysenteriae to 
cause lesions (61). 
Virulence factors 
Virulence factors of S. hyodysenteriae, especially their roles in pathogenesis of swine 
dysentery, are not completely clear. However, a number of factors have been suggested to be 
associated with the virulence of S. hyodysenteriae, including B-hemolysin, lipopolysaccharide 
(LPS), NADH oxidase, mucin chemotaxis, and periplasmic flagella. This section is a brief 
review of these factors and their potential role in pathogenesis. 
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Hemolysin 
S. hyodysenteriae demonstrates strong ~-hemolysis when grown on blood agar (51). 
This characteristic has been used to differentiate between S. hyodysenteriae and nonpathogenic 
S. innocens and has also been suggested to be related to the virulence of S. hyodysenteriae 
(92). A number of protocols have been used for ~-hemolysin isolation and purification (89, 94, 
103, 140, 158) but the most commonly used protocol requires an extraction buffer containing 
RNA-core, a carrier for hemolysin (89). The reported molecular mass of extracted hemolysin 
ranges from 19 kiloDalton (kDa) to 74 kDa due to the methods of isolation or the possility of 
the existence of more than one hemolysin (89, 94, 156, 158). This hemolysin is oxgen-stable 
and heat-labile (158). The hemolytic activity is dependent on physiologic temperature, present 
over a wide range of pH (156-158), and sensitive to protease and lipase (94, 158), indicating 
that the hemolysin may consist of protein and lipid. This hemolysin can only be isolated from 
live spirochetes and no preformed hemolysin is stored in the spirochetes ( 103). 
Erythrocytes have been used in a few studies regarding the mechanisms of cytolysis by 
the hemolysin of S. hyodysenteriae . These studies revealed that cell swelling, hemoglobin 
release and cell lysis occur sequentially (157, 158), suggesting both an osmotic and a cytolytic 
mechanism. Alternatively, a new mechanism which is totally different from any previously 
described mechanism of cell lysis by hemolysins from other organisms may be involved in 
cytolysis in this case. Even though hemolysis is the most prominent phenotypic characteristic 
of hemolysin, erythrocytes do not seem to be the target cells for hemolysin in the intestinal 
mucosa inhabited by S. hyodysenteriae. Some in vitro studies showed that the hemolysin of S. 
hyodysenteriae can be cytotoxic to several other cell types, including fibroblasts and porcine 
lymphocytes (87, 88). Serpulinal hemolysin induced a reduction in electrical resistance and an 
increase in intracellular calcium concentraion in Caco-2 cells, cells derived from a colonic 
epithelial cell line (3), indicating the potential cytotonic effect of hemolysin on epithelial cells. 
Studies have been conducted to demonstrate the tissue damage caused by hemolysin. 
Surgically ligated ileal and colonic loops from young gnotobiotic pigs were treated with 
hemolysin and tissues were examed at various times after instillation of hemolysin (15, 108). 
No macroscopic lesions were observed in ileal or colonic loops. However, in the ileum, 
extensive necrosis and exfoliation of apical villus enterocytes followed by a loss of villi were 
demonstrated by electron microscopy. Lesions in the colonic loops were not as severe as those 
in the ileal loops due to degradation of the hemolysin by intestinal content. Since lesions of 
swine dysentery only occur in the large intestine, the significance of these ultrastructural 
changes is not clear. 
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More recently, recombinant DNA-containing genes encoding ~-hemolysin of S. 
hyodysenteriae have been reported. In such studies, a plasmid library of S. hyodysenteriae 
DNA was constructed, expressed in E.coli, and screened for hemolytic activities (121). In this 
way, three individual genes encoding ~-hemolysin of S. hyodysenteriae have been identified 
and designated as tlyA, tly B and tlyC, in the order of their discovery ( 121, 187). The 
predicted molecular mass of tlyA, tly Band tlyC genes are 26.9 kDa, 93.3 kDa and 30.8 kDa, 
respectively. The recombinant proteins are all, like the ~-hemolysin isolated from S. 
hyodysenteriae (the native form of hemolysin), heat labile and cytotoxic, but none of them have 
been identified as the native form of hemolysin. tlyA- S. hyodysenteriae mutants have been 
shown to be less hemolytic (188) and less virulent in mice (188) and pigs (63). Pigs infected 
with tlyA- mutants were found to be protected from an infection with wild type S. 
hyodysenteriae (63). 
Lipopolysaccharide 
LPS extracted from S. hyodysenteriae exhibited 2 to 4 major bands on silver stained 
SDS-PAGE gels (43, 45, 47). LPS can be extracted from S. hyodysenteriae by hot 
phenol/water whereas endotoxin, a preparation of LPS associated with protein, can be 
extracted by butanol/water. LPS molecules are released when the cell walls of gram negative 
bacteria, such as E. coli, are degraded. Typically, in vivo, a low concentration of LPS or 
endotoxin stimulates mononuclear phagocytes to produce proinflammatory cytokines (e.g. 
TNF, IL-1). A high concentration of LPS or endotoxin causes tissue damage, disseminated 
intravascular coagulation, and shock (1). In vitro, LPS or endotoxin induces polyclonal 
activation of murine B cells and stimulates macrophages to produce TNF and IL-1 ( 1 ). 
The phenol/water extract of S. hyodysenteriae has been demonstrated to be cytotoxic to 
murine peritoneal macrophages, rnitogenic for murine splenocytes, and capable of inducing 
chemotaxis of porcine leukocytes in vitro (134). Butanol/water extract of S. hyodysenteriae has 
been shown to be biologically more active than phenol/water extract (42) and capable of 
inducing production of TNF and IL-1 by murine peritoneal macrophages in vitro (43). A more 
recent paper reported that stimulation of porcine alveolar macrophages with S. hyodysenteriae 
LPS or endotoxin induced an increased expression of IL-1 ~ and IL-8 mRNA, but not TNF or 
IL-6 mRNA in vitro (154). In vivo, as reviewed in the previous section, LPS hyporesponsive 
mice are less susceptible to S. hyodysenteriae infection than LPS responsive mice, suggesting 
S. hyodysenteriae LPS may be important in lesion formation (131, 135). In vivo, peritoneal 
injection of S. hyodysenteriae LPS or endotoxin induced an elevation in serum TNF in mice, 
but the same preparations of LPS or endotoxin only induced a very small peak in serum TNF 
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for a short time in pigs (129). Although S. hyodysenteriae LPS and endotoxin possess the 
above in vitro and in vivo biologic activities, it requires a much higher dose of S. 
hyodysenteriae LPS or endotoxin than that of E. coli LPS to induce a detectable level of these 
bioactivities (42, 154). In fact, several studies showed that S. hyodysenteriae LPS has no 
difference from LPS extracted from nonpathogenic S. innocens in the potency of inducing 
bioactivities ( 42, 129). However, these observations of in vitro or systemic effects of S. 
hyodysenteriae LPS or endotoxin may not reflect what happens in the intestinal mucosa 
inhabited by S. hyodysenteriae, especially since S. hyodysenteriae is an non-invasive organism 
and its pathogenesis is limited only to the mucosa of the large intestine. The low activity of 
serpulinal LPS insinuates that this LPS may not be the only factor associated with pathogenesis 
of swine dysentery. Moreover, the requirement for the presence of normal flora in lesion 
development always makes LPS from normal flora a good possibility in the induction of an 
inflammatory response. 
NADH oxidase 
NADH oxidase, an enzyme that produces water from the reduction of oxygen with 
NADH, has been isolated from S. hyodysenteriae (173). This explains the ability of S. 
hyodysenteriae to grow in the presence of 1 % molecular oxygen (175). The presence of 
NADH oxidase allows S. hyodysenteriae, an anaerobe, to use oxygen from red cells in the 
lesion or from other sources (171, 173). 
Mucin chemotaxis 
In contrast to the general concept that intestinal mucus protects intestinal epithelial cells 
from attachment of pathogens, swine gastric mucin and colonic mucin have been shown to be 
chemotactic for S. hyodysenteriae (86, 117). Electron microscopy studies found large numbers 
of S. hyodysenteriae trapped in the mucus overlying the intestinal epithelial cells and the mucus 
in the crypts in affected animals (86). Thus, mucin seems to increase the colonization of S. 
hyodysenteriae in swine dysentery. 
Periplasmic flagella 
The motility system of S. hyodysenteriae is characterized by flagellar filaments 
contained within the outer membrane sheath. Periplasmic flagella of S. hyodysenteriae have 
been reported to be composed of multiple sheath (FlaA) and core (FlaB) proteins (90, 96). 
DNA sequences of some of these periplasmic flagella proteins have been identified, including a 
sheath protein gene designated flaAl and two core protein genes designated flaB 1 and flaB2 
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respectively (34, 95, 97). A mutant strain of S. hyodysenteriae which is deficient in both 
FlaA 1 and FlaB 1 proteins was demonstrated to be normal in assembling flagella, but less 
motile in vitro and less efficient in colonizing cecal mucosa and causing cecal lesions in mice. 
This suggests that FlaAl and FlaB 1 polypeptides are not required for flagellar assembly but 
necessary for flagellar function, and motility is important in S. hyodysenteriae colonization and 
the subsequent lesion formation (150, 151). Vaccination of mice with recombinant 
endoflagellar proteins provided partial protection against S. hyodysenteriae infection ( 17). 
However, pigs immunized with recombinant S. hyodysenteriae gene flaB 1 or its encoded 
protein FlaB 1 were not protected against S. hyodysenteriae infection (34). 
Host Immune Responses 
Defense against pathogenic microbes is mediated by both natural and acquired 
immunity. The function of the immune system is to protect the host against pathogens. 
However, disease consequent to infections (e.g. lesion formation in swine dysentery) is 
sometimes caused by host immune responses to the pathogen rather than by the pathogen. 
This section is a brief review of natural, humoral and cell-mediated host immune responses 
involved in swine dysentery. Some of these responses may contribute to the lesion 
development. Some may provide protection against S. hyodysenteriae infection. The 
information obtained so far about host responses in swine dysentery is very limited. 
Natural immunity 
As discussed in the previous section, one characteristic of the microscopic lesions of 
swine dysentery is the leukocyte infiltration in the lamina propria. Neutrophilic infiltration has 
been observed by 24 hrs after S. hyodysenteriae infection, and maximizes at 48 hrs 
postinfection (Pl) (153). Monoclonal antibodies to CD 18 or CD 29 reduced neutrophil 
infiltration as well as the severity of lesions (153). 
Also as reviewed earlier, there are evidences of systemic and in vitro proinflammatory 
cytokine production induced by S. hyodysenteriae LPS or endotoxin. The butanol/water 
extract (endotoxin), but not phenol/water extract (LPS) of S. hyodysenteriae induced 
production of TNF and IL-1 by murine peritoneal macrophages in vitro (43). Stimulation of 
porcin~ alveolar macrophages with S. hyodysenteriae LPS or endotoxin induced an increased 
expression of IL-1~ and IL-8 mRNA, but not TNF or IL-6 mRNA in vitro (154). In vivo, 
peritoneal injection of S. hyodysenteriae LPS or endotoxin induced an elevation in serum TNF 
in mice and a very small elevation in serum TNF in pigs ( 129). However, there is no 
information about in vivo local proinflammatory cytokine production at the inflammatory site. 
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Humoral immunity 
Although there is evidence of S. hyodysenteriae specific serum lgG, IgA, lgM and 
intestinal lgA production following S. hyodysenteriae infection (32, 73, 146, 166), the 
correlation between humoral immunity and protecion against S. hyodysenteriae infection is not 
clear. Convalescent pigs have been shown to be resistant to S. hyodysenteriae infection for up 
to 17 weeks (78, 137) and convalescent sera agglutinated S. hyodysenteriae cells in vitro (78). 
Colonic loops inoculated with antisera were protected from lesion formation (74). However, 
more studies have shown that serum antibody is only partially protective or not protective at all 
(32, 59, 66, 138, 146). It has been suggested that the presence of mucosa} secretory lgA 
(slgA) is only an indication of recent infection of S. hyodysenteriae rather than a means of 
protection (146). 
When sera from S. hyodysenteriae-infected pigs were used to probe Western blots of 
whole cell S. hyodysenteriae, the band patterns showed that antibodies were produced against 
LPS and these antibodies were serotype specific (166). Actually, antibodies against LPS have 
been used to serotype isolates of S. hyodysenteriae ( 10). Antibodies specific for a 16 kDa outer 
membrane lipoprotein have been demonstrated to inhibit the growth of S. hyodysenteriae in 
vitro (162, 192). Also, it has been reported that convalescent pig sera recognized the 
periplasmic flagellar proteins (79, 90). Immunization with the S. hyodysenteriae outer 
membrane preparation which contains outer membrane lipoprotein, LPS, and flagellar proteins, 
partially protected swine ( 198) from lesion formation. As mentioned earlier, mice ( 17), but not 
pigs (34) were protected from lesion development by immunization with recombinant 
endoflagellar proteins. 
Cell-mediated immunity 
Not much research has been done to exam the role of cell-mediated immunity in swine 
dysentery. One study demonstrated antigen-specific proliferation of peripheral blood 
lymphocytes and delayed-type hypersensitivity reactions in pigs infected with S. 
hyodysenteriae (65). Another study examed the secretion of IFN-y and the expression of 
activation markers (CD69 and CD25) by mesenteric lymph node (MLN) and lamina proprial 
(LP) lymphocytes from mice infected with S. hyodysenteriae. It revealed that MLN cells from 
infected mice secreted more IFN-y than those from control mice when stimulated with whole 
cell S. hyodysenteriae or B. vulgatus antigen in vitro at any time during the infection (35). This 
indicates the ability of MLN cells to secrete IFN-y in response to S. hyodysenteriae and 
especially to the normal flora (e.g. B. vulgatus). Additionally, MLN and LP T cells were 
activated during chronic infection (10 days Pl), but not during acute infection (3 days PI). This 
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study supports the hypothesis that T cells may not contribute to the inflammatory response 
during acute phase of the disease. Thus, cell-mediated immunity does seem to play a role in 
swine dysentery but not during acute phase of the disease. 
In conclusion, the disease of swine dysentery is a multifactorial process, with S. 
hyodysenteriae being the causative agent, the presence of normal flora being an indispensable 
cofactor, and a host inflammatory response contributing to the characteristic lesion. The role of 
normal flora is not clear. The host inflammatory response consisting of local cytokine 
production by macrophages and recruiting cells will be discussed later. 
Infectious Colitis and Inflammatory Bowel Disease 
Swine dysentery resembles human inflammatory bowel disease (IBD) clinically and 
pathologically. This section is a review of the clinical manifestations, pathological changes, 
pathogenesis, and experimental models of human IBD. This section also includes a brief 
discussion on the potential of using swine dysentery as an animal model of human IBD. 
The term IBD is applied to idiopathic, chronic and relapsing colitis in humans, 
including the two major categories, namely, ulcerative colitis (UC) and Crohn's disease (CD). 
Chronic abdominal pain, diarrhea, and heme-positive stools are the major symptoms of IBD. 
Diagnosis of the disease is based on a combination of clinical, radiologic, endoscopic, and 
histologic findings. Typical macroscopic lesions usually consist of cobble stone appearance, 
granuloma, aphthous ulcerations and perianal fistula in CD and pseudopolyposis and 
rectosigmoid ulcerations with purulent exudate in UC (163). The lesions are well demarcated 
and mainly involve ileocecal junction, cecum and proximal colon in CD, while the lesions in 
UC are diffuse and can involve the entire length of the large intestine.The earliest microscopic 
changes in both CD and UC are edema in lamina propria and focal accumulations of leukocytes 
adjacent to crypts. Patchy necrosis of superficial epithelium, distorted crypt architecture, basal 
lymphoid aggregates, dense lymphocytic infiltrates and other features occur later, with basal 
giant cells, severe epithelial erosions and epithelioid granulomas being the most reliable 
features in diagnosis (7). A characteristic of CD is the transmural involvment of these 
histologic changes. 
It has been ascertained that host immune responses play an important role in the 
pathogenesis of IBD. Cytokine profiles have been described and results from numerous 
experiments demonstrated the local overproduction of proinflammatory cytokines such as 
TNF-a, IL-1~, and IL-6 in IBD (18, 145, 147, 205). A recent study found that IL-1~ and 
TNF-a mRNA were elevated in the colonic tissues of patients with CD, but not in those with 
UC (28). In the same study, it was also demonstrated that expression of TNF-a mRNA 
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decreased with the duration of CD. Another study detected increased colonic expression of JL-
6 mRNA in both CD and UC, but increased expression of IL-1 ~ mRNA was only found in 
intestinal specimens from patients with active UC ( 176). No alteration in the levels of colonic 
TNF-a mRNA was observed in either CD or UC when compared to control specimens (176). 
In situ hybridization revealed that JL-1 ~' TNF-a and JL-6 mRNA were produced by cells in the 
lamina propria and epithelial cells of intestinal crypts in patients with CD (205). Immunogold 
ultrastructural morphometric study further localized TNF-a in fibroblasts, eosinophils, mast 
cells, macrophages, colonic epithelial absorptive cells, Paneth cells and neutrophils in colonic 
biopsies from patients with CD ( 11 ). Immunofluorescent staining identified infiltrating T cells, 
macrophages, and B cells as sources of IL-6 in both CD and UC (176). TNF-a and IL-1 ~ 
were detected in mononuclear cells distributed throughout the interstitium of colons from 
patients with UC or CD by immunohistochemistry ( 136). JL-8 has been suggested to be an 
important chemoattractant for neutrophils in IBD since the level of IL-8 in colonic tissues of 
IBD patients correlated with the degree of gross lesions, numbers of neutrophils in colonic 
mucosa, as well as levels of colonic IL-1 ~ and TNF-a (118) . 
As a consequence of upregulation of proinflammatory cytokine production, the 
expression of MHC class II molecules has been shown to be increased on the surfaces of 
intestinal epithelial cells (24, 56) suggesting augmented presentation of luminal and bacterial 
antigens. An elevation in the expression of adhesion molecules such as ICAM-1 has also been 
demonstrated in some studies (29). 
T cells and T cell responses have been shown to be important components of host 
immune responses involved in the pathogenesis of IBD. It has been reported that the 
expression of JL-2 receptors is increased on lamina propria T cells and macrophages in the 
intestinal mucosa of patients with IBD (22). In addition, mucosa} T cells recovered from IBD 
involved tissues are more proliferative in response to bacterial antigens (141 ), indicating that 
lamina propria T cells from IBD patients are functionally activated. There is evidence of 
increased numbers of y'6 -T cells in inflamed colonic tissues from IBD patients and production 
of IFN-y by those y'6 -T cells, thus indicating an immunoregulatory function of y'6 -T cells in 
the pathogenesis of IBD (112). Increased levels of IFN-y and IL-2 have been shown in active 
CD, indicating a THl type response. However, no alterations in THlffH2 profile have been 
found in UC (18, 122, 145). A reduction in expression of IL-4 mRNA has been shown in 
intestinal tissues from CD patients by reverse transcriptase polymerase chain reaction (RT-
PCR), while the reduction in expression of JL-10 mRNA was demonstrated in intestinal 
tisssues from UC patients (133). An in vitro study showed that peripheral monocytes and 
intestinal lamina propria mononuclear cells had a reduced responsiveness to the inhibitory 
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effect of TL-4 in the production of proinflammatory cytokines, suggesting an impaired response 
to TH2 cytokines in IBD (161). However, there have been reports not in agreement with the 
predominance of THI type response in the pathogenesis of IBD. Murata et al. reported an 
increased production of TL-10 and a reduced production of IL-2 and IFN-y in the colonic 
mucosa of patients with UC ( 123). 
Experimental models which mimic the pathologic changes of IBD have been developed. 
Some models spontaneously develop IBD-like lesions in the presence of normal flora due to an 
innate defect of the immune system or some unknown genetic etiology, such as cytokine (IL-
10, IL-2) deficient mice (99, 111, 155), T-cell-receptor (TCR u) mutant mice (119), SCID 
mice reconstituted with CD4+ CD45RBhigh T cells (102), and mouse strains (e.g., 
C3H/HeJBir) with an abnormal antibody reactivity to enteric bacterial flora (20). Studies in 
these experimental animal models of IBD showed that the inflammatory responses involved in 
the pathogenesis of colitis in experimental models resembled those involved in the pathogenesis 
of human IBD, especially the production of proinflammatory cytokines within the colonic 
mucosa. Studies in IL-2 knockout mice demonstrated increased levels of IL-1, TNF-u and 
mucosa! vascular addressin MAdCAM-1 before the appearance of pathologic changes, but the 
level of IFN-y was elevated after the onset of colitis, indicating that T cell-mediated colitis in 
IL-2 knockout mice may be secondary to an initial non-specific inflammation (111). 
Some animals develop IBO-like lesions induced by chemicals, such as UC-like lesions 
induced by dinitrochlorobenzene (DNCB) in rabbits ( 144 ), CD-like lesions induced by 
muramyl dipeptide (MDP) in rabbits (101), carrageenan induced lesions in rats (120), and a 
murine model of CD-like colitis induced by the hapten reagent 2, 4, 6-trinitrobenzene sulfonic 
acid (TNBS) (26). 
Another important model of IBD is infectious colitis caused by specific pathogens. 
Helicobacter hepaticus has been shown to be capable of causing enterocolitis in gerrnfree mice 
(33) and exacerbating IBD-like lesions in SCIO mice reconstituted with CD45RBhighCD4+ T 
cells (21). Helicobacter bilis, a newly identified Helicobacter species, induced IBD in SCIO 
mice with defined flora (164 ). It has also been reported that Cryptosporidium parvum infection 
accelerates development of IBO-like lesions in TCR-alpha-deficient mice (200). Serpulina 
hyodysenteriae causes colitis which resembles IBD in several aspects. Lesions in swine 
dysentery are similar to those in UC, especially to those lesions seen in the early stage of UC, 
including lamina proprial edema, inflammatory cell infiltration, and epithelial erosion. 
However, lesions in swine dysentery are less severe than those in UC and no ulcerations occur 
in swine dysentery . The development of IBO-like lesions in many animal models have been 
shown to require the presence of enteric flora, which is a prerequisite in the development of 
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Jesions in swine dysentery. Alterations in the types of bacteria in the intestinal flora in IBD 
patients have been reported by many authors (41, 84, 125, 152, 201). One consistent 
observation from those studies is the increase in Gram negative anaerobic rods (e.g., 
Bacteroides and Fusobacterium spp.) in the microflora of IBD patients. This has also been the 
observation made in swine dysentery. Thus, swine dysentery, as an example of infectious 
colitis, can be a potential model in the study of pathogenesis of human IBD. 
The nature of human IBD can be derived from the study of experimental models of 
colonic inflammation induced by different methods since these different models all seem to 
result in a similar manifestation of local inflammation. The reason why these different models 
have a similar pathologic appearance is that inflammatory responses to different etiologic agents 
in the gastrointestinal tract are very similar and are very restricted in their manifestations. 
Whatever the initial disease causing factors may be, the mechanism underlying the intestinal 
inflammation eventually involves a host response to antigens, such as normal flora, in the 
intestinal environment so that the inflammatory pathway results in pathologic changes either 
UC-like or CD-like in appearance (l 78). 
Proinflammatory Cytokines and Chemokines 
Swine dysentery is characterized by a local inflammatory response. Like other local 
inflammatory responses, the characteristic lesion of swine dysentery is associated with the 
production of proinflammatory cytokines. Proinflammatory cytokines, including IL-1, TNF-a, 
IL-6, are important mediators of natural immunity. TNF-a is made mainly by mononuclear 
phagocytes, but antigen stimulated T cells, activated NK cells, and activated mast cells also 
secrete this cytokine (1). Exogenous substances such as lipopolysaccharides and ~-glucanes, 
and endogenous mediators such as IL-1 stimulate the synthesis of TNF-a in 
monocytes/macrophages ( 1 ). A low concentration of TNF-a causes vascular endothelial cells 
to express adhesion molecules for leukocytes, initiaJly for neutrophils and subsequently for 
monocytes and lymphocytes. A low concentration of TNF-a also increases the adhesiveness of 
neutrophils to endothelial cells and activates leukocytes, especially neutrophils, to kill microbes 
( 1). Other effects of low concentration of TNF-a are stimulating the production of IL-1, IL-6, 
TNF-a itself and chemokines, and increasing the expression of MHC class I molecules ( 1). 
TNF-a has been shown to increase the expression of adhesion molecules, such as ICAM-1 and 
VCAM-1 (189) and the production of chemotactic factors, such as leukotriene B4 (LTB4), 
platelet-activating factor ( 182), and some chemokines. A high concentration of TNF-a can 
induce fever, production of acute-phase plasma proteins, and secretion of IL-1 and 11-6 into the 
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circulation. A high concentration of TNF-a also activates blood coagulation and suppresses 
bone marrow stem cell division (1). 
Interleukin- I can be produced by activated mononuclear phagocytes, epithelial and 
endothelial cells. Bacterial LPS, TNF or IL- I itself stimulates the production of IL-1 by 
mononuclear phagocytes. There are two forms of IL-1, IL-1 a and IL-1 ~. and they are products 
of two separate genes. Most activity of IL-1 in the circulation is from IL-1 ~. At low 
concentrations, IL-1 is a mediator of local inflammation. It induces synthesis of IL-6 and more 
IL-1 by mononuclear phagocytes and vascular endothelial cells. It increases the expression of 
adhesion molecules on endothelial cells to mediate leukocyte infiltration and induces the 
synthesis of chemokines by mononuclear phagocytes and endothelial cells. It also increases 
vascular permeability and edema. A high concentration of IL-1 elicits systemic inflammatory 
responses, such as the induction of fever and the production of acute-phase reactants (I). 
Interleukin-6 is secreted by monocytes, macrophages, endothelial cells, and fibroblasts. 
The production of this cytokine is stimulated by TNF and IL- I. Interleukin-6 causes 
hepatocytes to synthesize several acute-phase proteins (1 ). 
Chemokines are a family of structurally homologous cytokines which attract 
leukocytes. The approximate size of chemokines ranges from 8 to 10 kDa (1). There is a highly 
conserved cysteine motif in the primary structure of chemokines and chemokines can be 
divided into four subfamilies based on whether the first two amino terminal cysteines are 
separated by one amino acid (C-X-C), three amino acids (CX3C), or are adjacent (C-C), or 
whether the second cysteine is missing (C) (190). The murine homologues of the human C-X-
C chemokines are KC, macrophage inflammatory protein-2 (MIP-2), crg-2, and MIG and are 
homologous to human ORO-a, GRO-WGRO-y, IFN-y-inducible protein (IP-10), and MIG, 
respectively (177). There is no murine homologue for human IL-8 (177). C-X-C chemokines 
are produced by mononuclear phagocytes, endothelial cells, fibroblasts, and megkaryocytes 
and are chemotactic for neutrophils (1). C-C chemokines such as murine JE and MIP-la, or 
human MIP-la, MIP-1~, MCP-1, MCP-2, MCP-3, and RANTES are produced by activated T 
cells and are chemotactic for monocytes, basophils, and eosinophils (190, 197). Lymphotactin, 
the only identified C chemokine, is chemotactic for CDS+ T cells. The CX3C chemokines, 
fractalkine or neurotactin, are chemotactic for T cells, monocytes, and neutrophils (190). The 
production of chemokines can be induced in response to viruses, bacterial products, IL-1, 
TNF, C5a, LTB4, and IFNs (177). 
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Hypoxoside--An Anti-inflammatory Agent 
Hypoxoside is a diglucoside isolated from the conns of the plant family Hypoxidaceae. 
The structure of hypoxoside consists of an E-pent-1-en-4-yne 5-carbon unit with two catechol 
groups to which the glucose moieties are attached. In the colon, hypoxoside is converted by 
bacterial ~-glucosidase into its cytotoxic aglucone compound called rooperol (6). Rooperol, but 
not hypoxoside, inhibits the growth of mouse melanoma cells in vitro (191 ). Light and electron 
microscopy demonstrated that rooperol caused vacuolisation of the cytoplasm and fonnation of 
pores in the plasma membrane (6). Neither hypoxoside nor rooperol is detectable in circulation 
due to phase II biotransformation to glucuronide and sulphate metabolites (6, 98), implicating 
that rooperol would have local activity rather than systemic effects. Oral administration of 
hypoxoside has been used to treat patients with lung cancer in phase I trials (5). Cardiovascular 
infusions of hypoxoside and rooperol in Chacma baboons showed that hypoxoside was cleared 
rapidly and had no cardiovascular effects, but rooperol was metabolized into glucoronides and 
sulphates and caused transient increases in cardiac output, stroke volume and vascular 
pressures (23). 
Recently, rooperol was shown to have anti-inflammatory effects. Guzdek et al. showed 
that rooperol inhibited the production of TNF-a, IL-1, IL-6 and nitric oxide by endotoxin-
stimulated human alveolar macrophages, human blood monocytes/macrophages, histiocytic cell 
line U937, and rat alveolar macrophages in vitro (44). The same study also showed that the 
concentrations of rooperol required for anti-inflammatory effects had no effect on cell viabihty. 
More recently, Bereta et al. reported that rooperol decreased the expression of vascular cell 
adhesion molecule-1 (VCAM-1) and nitric oxide synthase (iNOS) in cultured microvascular 
endothelial cells stimulated by TNF-a or IFN-y, again suggesting the role of rooperol as an 
anti-inflammatory agent and the possible usefulness in the treatment of inflammatory diseases 
(13). 
Since the characteristic lesions of swine dysentery result from a host inflammatory 
response, it becomes critical to understand what factors of host response contribute to the onset 
of the disease. Besides host inflammatory response, the presence of normal flora is another 
important factor involved in the pathogenesis of swine dysentery. The work described in this 
thesis is based on the following hypotheses: 1) the initial inflammatory response following S. 
hyodysenteriae infection is based on a proinflammatory cytokine dependent mechanism, 2) 
anti-inflammatory drug (e.g., hypoxoside) reduces the severity of cecal lesions in mice 
following S. hyodysenteriae infection by inhibiting local proinflammatory cytokine production, 
3) nonnal flora facilitate lesion fonnation following S. hyodysenteriae infection by stimulating 
a basal level of host immune response (e.g., proinflammatory cytokine production). This 
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research was aimed to characterize the acute proinflammatory cytokine responses within the 
cecal mucosa and to examine the effect of normal flora on host inflammatory responses 
following infection with Serpulina hyodysenteriae. 
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MATERIALS AND METHODS 
Mice 
Eight to twelve week old, male and female, C3H/HeOuJ (lipopolysaccharide 
responsive) and C3H/HeJ (lipopolysaccharide hyporesponsive) mice were obtained from 
breeding colonies maintained by Laboratory Animal Resources at the College of Veterinary 
Medicine, Iowa State University. Breeding colonies were originated from mice purchased from 
Jackson Laboratories, Bar Harbor, Maine and routinely screened for serum antibodies to 
Sendai virus, hepatitis virus and Mycoplasma spp. 
Diet 
Mice used in these experiments were maintained on Mouse Lab Chow 5010 (Purina 
Mills, Inc., St. Louis, MO), referred to as conventional rodent chow (CRC). Forty-eight hours 
prior to challenge with S. hyodysenteriae, these mice were fed a defined diet (Harlan Teklad 
85420 (TD)) (Harlan Sprague Dawley, Madison, WI), and maintained on TD through the rest 
of the experiment (132). Teklad diet is composed of 63.4% (w/w) dextrose, 20.0% egg white 
solids, 10.0% corn oil, 3.0% cellulose, and essential minerals and vitamins. 
Bacterial Strains 
S. hyodysenteriae strain B204, serotype 2, was grown anaerobically at 3?°C in 
trypticase soybroth (BBL Microbiology Systems, Cockeysville, MD) supplemented with 5% 
horse serum (HyClone Laboratories, Logan, Utah), 0.5% yeast extract (BBL), 0.05% L-
cysteine (Sigma Chemical Co., St. Louis, MO) and 1 % VPI salt solutions, to a density of 
approximately 1 x 109 cells/ml. Highly motile, log phase cultures (motility > 90%) were 
obtained. Bacterial concentration was determined using a Petroff-Hauser counting chamber. 
Challenge Procedure 
Forty-eight hours prior to challenge, mouse diet was changed from CRC to TD. Mice 
were maintained on TD for the remainder of the experiment. Four hours prior to challenge, 
mice were fasted. Mice were given 1 x 108 log phase S. hyodysenteriae strain B204 in 0.5 ml 
of culture broth intragastrically using a 22 gauge feeding needle. Teklad diet was resumed 
immediately following challenge. Noninfected control mice were fasted and intubated 
intragastrically with 0.5 ml of culture broth instead. 
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Antibiotic Solutions 
Drinking water was supplemented with either a combination of 5 or 3 antibiotics and 
referred to as 5X or 3X antibiotic cocktail, respectively (36, 126). The 5X antibiotic cocktail 
contained the five antibiotics originally described in the selective media for S. hyodysenteriae 
(100) at the following concentrations: colistin, 6.25 µg/ml, vancomycin, 6 µg/ml, spiranycin, 
15.25 µg/ml, rifampicin, 12.5 µg/ml, and spectinomycin, 200 µg/ml. The 3X antibiotic cocktail 
contained three antibiotics at the following concentrations: colistin, 6.25 µg/ml, spiramycin, 
15.25 µg/ml, and rifampicin, 12.5 µg/ml. All antibiotics were purchased from Sigma Chemical 
Company (St. Louis, MO). 
Hypoxoside 
Hypoxoside was kindly provided by Dr. Allison at DAW A Inc., Belmont, California. 
A fresh preparation of hypoxoside solution was made every day prior to gastric intubation by 
dissolving hypoxoside in distilled water to a concentration of 60 mg/ml. Fifteen mg of 
hypoxoside was delivered intragastrically in 0.25 ml distilled water (dH20) every day for 11 
days during the experimental period. 
Experimental Design for Study I 
Study I was desinged to investigate the local proinflmmatory cytokine production at l 
to 10 days after S. hyodysenteriae infection. Fifty C3H/HeOuJ mice were randomly assigned 
to one of the two treatment groups, with 25 mice in each group. One group was infected with 
S. hyodysenteriae B204. The other group remained non-infected. Five mice from each 
treatment group were sacrificed at l, 2, 3, 4 or 10 days after infection. The severity of 
macroscopic cecal lesions was determined by a scoring system as follows: excess intraluminal 
mucus with organ atrophy, 3; excess intraluminal mucus with partial organ atrophy, 2; excess 
intraluminal mucus, 1; and no gross lesions, 0. Cecal contents were cultured on selective 
medium for the detection of S. hyodysenteriae. Ceca were collected for total RNA isolation, 
Northern blotting or semiquantitative RT-PCR. The experiment was repeated a second time. 
Experimental Design for Study II 
Study II was designed to investigate the effect of antibiotics or hypoxoside on lesion 
formation and local proinflammatory cytokine responses following S. hyodysenteriae 
infection. Thirty C3H/HeJ mice were randomly assigned to one of the two groups, with 15 
mice in each group. One group was infected with S. hyodysenteriae B204. The other group 
was not infected. Four mice from each group were treated with hypoxoside. Four mice from 
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each group were treated with 3X antibiotic cocktail. Four mice from each group were treated 
with 5X antibiotic cocktail. The other 3 mice from each group did not receive any treatment 
with hypoxoside or antibiotics. C3H/He0uJ mice were used as strain control for non-infected 
and S. hyodysenteriae infected mice. Hypoxoside-treated mice were intubated intragastrically 
with 15 mg of hypoxoside in 0.25 ml dH20 every day begining at 8 days prior to challenge 
and throughout the experimental period. Antibiotic-treated mice received either 5X antibiotic 
cocktail every day begining at 7 days prior to challenge or 3X antibiotic cocktail every day 
begining at 3 days prior to challenge. Antibiotic-treated mice were maintained on antibiotics 
throughout the experimental period. All 30 C3H/HeJ mice and 6 C3H/He0uJ mice were 
necropsied at 3 days postinfection (Pl). 
Except for mice treated with 3 antibiotics, each mouse received an intraperitoneal 
injection of 2.5 mg bromodeoxyuridine (BrdU) (Boehringer Mannheim Corporation, 
Indianapolis, IN) in 0.5 ml PBS one hour before necropsy. The severity of macroscopic cecal 
lesions was scored as described above. Cecal contents were cultured on selective medium for 
the detection ofS. hyodysenteriae. A portion of the end of each cecum from BrdU-injected mice 
was fixed in 10% neutral buffered formalin (Fisher Scientific, Pittsburgh, PA) for hematoxylin 
and eosin (H&E) staining and BrdU labelling. Ceca were collected for total RNA isolation and 
semiquantitative RT-PCR. 
Bacteriological Examination 
To confirm colonization of the ceca with S. hyodysenteriae, at necropsy, mouse cecal 
contents were inoculated on B-J blood agar plates containing antibiotics selective for S. 
hyodysenteriae (100), and incubated anaerobically at 37°C for 48 to 72 hours. The presence of 
P-hemolytic zones were examined after incubation. Colonies were selected and examined by 
dark-field microscopy for the presence of large spirochetes. 
RNA Isolation 
Total RNA was isolated from mouse cecal tissues using Stratagene RNA isolation kit 
(Stratagene Inc., LaJolla, CA). At each time point, mouse ceca were pooled from the same 
treatment group and homogenized with 5 ml solution D (guanidinium thiocyanate and 
mercaptoethanol). Subsequently, 500 µl of 2M sodium acetate, pH 4.0, 5 ml of water saturated 
phenol, 1 ml of chloroform: isoamyl alcohol (49: 1) were added. The mixture was shaken 
vigorously for 10 sec and chilled on ice for 15 min, before being centrifuged at 10,000 x g for 
20 min at 4 °C. The upper aqueous layer was then mixed with an equal volume of isopropanol 
and chilled at -20°C for at least one hour before being centrifuged at 10,000 x g for 20 min at 
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4°C. The supernatant was discarded. The pellet was dissolved in 1.5 ml solution D. An equal 
volume of isopropanol was added. The mixture was chilled at -20°C for one hour before being 
centrifuged at 10,000 x g for 10 minutes at 4 °C. The supernatant was discarded and the 
RNA pellet was air dried and then resuspended in diethylpyrocarbonate (DEPC) treated water. 
Semiquantitative RT-PCR 
Semiquantitative RT-PCR was performed based on published protocols with 
modification (91, 160). RNA concentrations were determined spectrophotometrically by 
measuring the optical density at 260 and 280 nm. Sense and antisense PCR primers were 
designed in two exons, according to the published primer sequences (58, 194) or Oligo Primer 
Analysis Software (National Biosciences, Inc. Plymouth, MN). Primers were synthesized by 
the DNA Facility at Iowa State University. The primer sequences are listed in Table 1. Ten µg 
of total RNA was subjected to reverse transcription, with 2.5 µg of oligo d(T) 16 primer 
(Promega, Madison, WI), 50 mM Tris-HCl, pH 8.3, 75 mM KCl, 3 mM MgCb, 10 mM 
dTT, 2 mM deoxyribonucleotides, 25 units ofribonuclease inhibitor and 200 units of M-MLV 
reverse transcriptase (Promega, Madison, WI) in a 25 µl reaction mixture. The reverse 
transcription reaction was performed at 42°C for 60 min and terminated by heating at 99°C for 5 
min. The amount of reverse transcription mixture used for PCR amplification as well as the 
cycle number for each set of primers was tested to ascertain the linearity of amplification. Serial 
dilutions were made from 2.5 µl of cDNA and amplified with ~-actin primers to ensure that the 
compared samples started with the same amount of cDNA. Serial dilutions ( 1 :5) of cDNA were 
then amplified with specific cytokine primers in a 50 µl reaction volume. The reaction mix for 
MIP-2 or JL-1 ~ amplification consisted of 25 µl Master Amp TM 2 x PCR PreMix D (Epicentre 
Technologies, Madison, WI), 1.25 units of Taq polymerase (Life Technologies, Inc., 
Gaithersburg, MD), 10 pmoles each of sense and antisense specific primers. PCR 
amplification of MIP-2 sequence was carried out with 30 cycles consisting of a 1 min 
denaturation at 94°C, 45 sec annealing at 59°C, and 45 sec extension at 72°C. PCR 
amplification of IL-1 ~ was done with 30 cycles consisting of a 1 min denaturation at 94 °C, 1 
min annealing at 57°C, and 90 sec extension at 72°C. TNFa and ~-actin were simultaneously 
amplified in the presence of 100 µM deoxyribonucleotides, 1.25 units of Taq polymerase, 10 
mM Tris-HCl, pH 9.0, 50 mM KCl, 0.1 % Triton X-100, and 2 mM MgCb. Appropriate 
cycle number for each set of primers was tested using total RNA isolated from noninfected 
mice as template for RT-PCR. Amplification started with 10 pmoles of each TNFa primer. 
After 10 cycles, 10 pmoles of each ~-actin primer were added, and an additional 20 cycles of 
amplification was carried out. Each cycle consisted of a 1 min denaturation at 94 °C, 45 sec 
Table 1. Primers for cytokines and ~-actin 
Product 5' primer 3' primer Product size 
(bp) 
~-actina 5' ATGGATGACGATATCGCT3' 5' ATGAGGTAGTCTGTCAGG3' 569 
TNFa" 5'GCCACCACGCTCTTCTGTC3' 5'GTAGTCGGGGCAGCCTTGT3' 324 
IL-lW 5'CACAGCAGCACATCAACAAGAG3' 5' ATCAGAGGCAAGGAGGAAACAC3' 843 
MIP-2° 5'GCCAGTGAACTGCGCTGTCAATGC3' 5'GTT AGCCTTGCCTTTGTTCAGTATC3' 210 
a Oligonucleotide primers for ~-actin mRNA were obtained from a published paper [Tokunaga, 1986 #220]. 
bOligonucleotide primers for TNFamRNA were designed based on DNA sequences from GenBank and Oligo Primer Analysis 
Software. 
c Oligonucleotide primers for IL-1~ mRNA were designed based on DNA sequences from GenBank and Oligo Primer Analysis 
Software. 
d Oligonucleotide primers for MIP-2 mRNA were obtained from a published paper [Huang, 1992 #221]. 
\.;.) 
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annealing at 60.5°C, and 45 sec extension at 72°C. PCR products were separated on a 1.5% 
agarose gel, stained with ethidium bromide and photographed. The intensities of the TNFa 
bands and ~-actin were measured using NIH Image 1.55 software and the intensity ratios of 
TNFa versus ~-actin were calculated. 
Histopathology 
At necropsy, small portions of ceca were fixed in 10% neutral buffered formalin for 24 
hours. Following fixation, ceca were routinely processed and embedded in paraffin. Tissue 
sections (5 µm) were visualized with hemotoxylin and eosin stains for assessment of 
histopathologic changes. 
Immunohistochemical Detection of BrdU Staining 
Immunohistochemical detection of BrdU incorporation was used to assess mucosa! 
epithelial cell proliferation in mouse ceca. Using immunohistochemical technique, the 
incoporation of BrdU into replicating DNA was detected by a biotinylated mouse anti-BrdU 
monoclonal antibody included in ZYMED™ BrdU Staining Kit (Zymed Laboratories Inc. , 
South San Francisco, CA). Small portions of ceca from mice which received an intraperitoneal 
injection of BrdU one hour prior to necropsy were fixed in 10% neutral buffered formalin for 
24 hours. Fixed tissues were processed by standard methods, embedded in paraffin, and 
sectioned at a thickness of 5 µm. Sections were deparaffinized in 2 changes of xylene for 5 min 
each, rehydrated in a series of graded alcohol ( 100%, 95% and 70% ethanol), and subjected to 
immunohistochemical staining using ZYMED™ BrdU Staining Kit. Briefly, sections were 
exposed to a quenching solution of 3% hydrogen peroxide (Sigma Chemical Company, St. 
Louis, MO) in PBS for 10 min to inactivate endogenous peroxidase activity, digested in trypsin 
at room temperature (RT) for 6 min, and treated with denaturing solution to denature the tissue 
DNA. The slides were incubated with blocking solution to block nonspecific binding of anti-
BrdU antibody, and then incubated with biotinylated mouse anti-BrdU antibody followed by 
streptavidin-peroxidase. BrdU staining was visualized with diaminobenzidine (DAB). Slides 
were then counterstained with hematoxylin. Slides were rinsed with PBS between the additions 
of reagents. Negative control slides were included without the addition of anti-BrdU antibody. 
BrdU incorporated nuclei appeared dark brown. Proliferation of mucosa} epithelial cells in 
cecum was assessed by the percentage of BrdU-stained epithelial cells over the total number of 
epithelial cells in the crypt. Only those crypt units visible in their entire length were analyzed 
and a minimum of 10 crypts were counted (21). 
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Statistical Analysis 
In study II, cecal epithelial cell proliferation was assessed by immunohistochemical 
detection of BrdU incorporated cells. Number of BrdU labelled epithelial cells was expressed 
as a percentage ratio of the total number of epithelial cells in the crypts. Means and standard 
deviations of percentage of BrdU labelled cells from treatment groups were calculated. Two 
tailed student's t-test was used for assessment of significance. 
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RESULTS 
Acute Cytokine Response in the Cecal Mucosa Following Infection with S. 
hyodysenteriae--Results from Study I 
Bacteriology 
Bacteriologic studies were conducted in order to evaluate the colonization of S. 
hyodysenteriae in mouse ceca. In the two repeated experiments of study I, cecal contents were 
cultured anaerobically on B-J blood agar plates containing antibiotics selective for S. 
hyodysenteriae at 37°C for 48 to 72 hours. All mice intubated intragastically with S. 
hyodysenteriae were culture positive for S. hyodysenteriae at all time points postchallenge. 
This was determined bacteriologically by the presence of ~-hemolytic zones on B-J blood agar 
and confirmed by the observation of large, motile spirochetes by dark field microscopy. Non-
infected control mice were all culture negative for S. hyodysenteriae (Table 2). 
Gross lesion 
In order to correlate proinflammatory cytokine expression with onset of lesions, the 
severity of mouse cecal lesions was evaluated by the scoring system previously described. 
Cecal scores of mice sacrificed at a specific time point of a particular treatment were averaged 
and are listed in Table 2. Non-infected mice were free of lesions at all time points during the 
two experiments. Mice infected with S. hyodysenteriae all developed gross lesions in their 
ceca, ranging from mild lesions with only mucus accumulation in the cecal lumen to severe 
lesions with atrophy of ceca; however, severe lesions (i.e., cecal score 3) were not observed 
until 48 hours postinfection. 
Semi-quantitative RT-PCR 
One of the hallmark measures of inflammation is the local production of 
proinflammatory cytokines (e.g., TNF a and IL-1~). As in other local inflammatory 
responses, an upregulation in the expression of proinflammatory cytokine specific mRNA was 
anticipated following infection with S. hyodysenteriae. Since neutrophil infiltration has been 
demonstrated between 24 to 48 hrs PI, an upregulation of production of chemokines which are 
chemotactic for neutrophils (e.g., MIP-2) was anticipated. To measure the upregulation of 
local, early responses of cytokines or chemokines following infection, C3H/HeOuJ mice were 
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Time PI Infected Cecal Scores6 
48 hr 
72 hr 
96 hr 
10 d 
24 hr + 
48 hr + 
72 hr + 
96 hr + 
10 d + 
'li'l<IQlllO.!~-f>'"ll:'~fl"I~' 
Experiment 1 
0.0 
0.0 
0.0 
0.0 
0.0 
0.6 
3.0 
3.0 
3.0 
3.0 
..,_,., 
Experiment 2 
0.0 
0.0 
0.0 
0.0 
0.0 
1.0 
3.0 
3.0 
3.0 
3.0 
Experiment 1 Experiment 2 
+ + 
+ + 
+ + 
+ + 
+ + 
a In study I, fifty C3H/He0uJ mice were randomly assigned to one of the two treatment 
groups, with 25 mice in each group. One group was infected with S. hyodysenteriae B204. 
The other group remained non-infected. Five mice from each treatment group were sacrificed 
at 24 hrs, 48 hrs, 72 hrs, 96 hrs or 10 days after infection. C3H/HeOuJ mice were inoculated 
intragastrically with S. hyodysenteriae strain B204 as described in Material and Methods. 
Results are from two independent experiments. 
b Gross lesions in ceca were scored according to the scoring system described in Material and 
Methods. 
c Cecal contents were cultured on medium containing antibiotics selective for 
S. hyodysenteriae. Presence of S. hyodysenteriae in cecal contents was determined by the 
characteristic hemolytic zones and confirmed by dark-field microscopic examination. Presence 
or absence of S. hyodysenteriae in cecal contents was shown as positive or negative in this 
table. 
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infected with S. hyodysenteriae. Ceca were removed at 1, 2, 3, 4 or I 0 days postinfection and 
the expression of cytokine-specific mRNA was analyzed by RT-PCR. Total RNA was 
extracted from each cecum and samples within the same treatment group were pooled for RT-
PCR analysis. The amount of reverse transcription mixture used for PCR amplification as well 
as the number of cycles for each set of primers was individually detennined to ascertain the 
linearity of amplification. 
TNFa was coamplified with P-actin. The intensities of the TNFa bands and P-actin 
bands were measured using NIH Image 1.55 software. In comparison to that of non-infected 
mice, TNF-a-specific mRNA expression was increased by approximately 1.5-fold in cecal 
tissue of infected mice (Figure 1). This increase was observed as early as 24 hrs postinfection. 
The upregulation of TNF-a-specific mRNA expression was maintained through 96 hrs 
postinfection and returned to baseline levels by day 10 postinfection. 
Comparison of IL-1 p mRNA expression between samples was made by determining 
the smallest concentrations of cDNA at which IL-lP RT-PCR products were detected in serial 
dilutions (1 :5) of cDNA. Serial dilutions of cDNA were amplified with p-actin primers first to 
ensure the equal amounts of template cDNA and then amplified with IL- IP primers. There was 
no detectable change in the expression of IL-1 P-specific mRNA in the cecal tissue of 
S. hyodysenteriae-infected animals during the first 3 days after infection (Figure 2). Beginning 
on day 4 postinfection and continuing through day I 0 postinfection, a 5- to 25-fold increase in 
the expression of IL-1 P-specific mRNA was demonstrated. Similar results were obtained in the 
two experiments. 
Comparison of MIP-2 mRNA expression between samples was made by detennining 
the smallest concentrations of cDNA at which MIP-2 RT-PCR products were detected in serial 
dilutions (1 :5) of cDNA. MIP-2-specific mRNA expression reached a 5-fold increase by 24 hrs 
postinfection relative to samples from control mice and this level of expression was maintained 
through 96 hrs postinfection (Figure 3). By day I 0 postinfection, the level of MIP-2-specific 
mRNA expression also returned to background (i.e., control) levels. 
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Figure 1. Relative expression of TNFa mRNA in S. hyodysenteriae-infected mouse ceca 
versus that in noninfected mouse ceca. Results are expressed as ratios of TNFa mRNA in 
S. hyodysenteriae-infected mouse ceca to noninfected mouse ceca. Total RNA samples were 
collected from the cecal tissues of noninfected and S. hyodysenteriae-infected mice at 24 hrs, 
48 hrs, 72 hrs, 96 hrs or 10 days postinfection. RT-PCR was performed as described in 
Material and Methods. 
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Effects of Antibiotics or Hypoxoside on Lesion Formation and Local 
Proinflammatory Cytokine Response Following S. hyodysenteriae Infection--
Results from Study II 
Bacteriology 
To determine the colonization of S. hyodysenteriae, cecal contents were cultured 
anaerobically on B-J blood agar plates at necropsy for the detection of S. hyodysenteriae. All 
mice which received an intragastric inoculation of S. hyodysenteriae B204 were culture 
positive for S. hyodysenteriae, irrespective of treatment (e.g., antibiotics or hypoxoside ). 
Mice which were not infected with S. hyodysenteriae B204 were all culture negative (Table 3). 
Gross lesions 
Preliminary observations have indicated that treating mice with antibiotics or hyposide 
prevented or significantly reduced cecal lesions in mice infected with S. hyodysenteriae. To 
examine the effect of hypoxoside or antibiotics on lesion development following S. 
hyodysenteriae infection and to correlate the severity of lesions with proinflammatory cytokine 
responses, lesions in mouse ceca were scored as previously decribed. Cecal score from 
individual mouse and average cecal scores of mice which received the same treatment are 
shown in Table 3. Mice which were not infected with S. hyodysenteriae B204 did not develop 
cecal lesions at any time during the experimental period. Non-infected mice treated with 3X 
antibiotic cocktail or hypoxoside had a similar gross appearance in their ceca as non-infected 
C3H/HeJ or C3H/HeOuJ mice which did not receive any antibiotics or hypoxide. However, 
the gross appearance of ceca from non-infected mice treated with 5X antibiotic cocktail was 
different than that of mice from other non-infected groups; ceca in non-infected mice treated 
with 5X antibiotic cocktail appeared flaccid and enlarged, and contained more fluid cecal 
contents. Mice (both C3H/HeJ and C3H/HeOuJ) only infected with S. hyodysenteriae B204 
developed severe cecal lesions at necropsy (72 hours postinfection). The average cecal scores 
of S. hyodysenteriae infected C3H/HeJ and C3H/He0uJ mice were 2.67 and 3.00, 
respectively. C3H/HeJ mice which received S. hyodysenteriae and 3X antibiotic cocktail also 
developed cecal lesion at 72 hours postinfection, but the average cecal score dropped to 2.25. 
Lesions in S. hyodysenteriae infected mice which received 3X antibiotic cocktail were 
morphologically similar to those of the same severity in mice only infected with S. 
hyodysenteriae. In contrast, C3H/HeJ mice treated with 5X antibiotic cocktail or hypoxoside 
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Table 3. Cecal scores and ba,~iologic E~~~~ts from stud~ II 
Treatment'1 Infected,, Strain Average cecal scorec Bacteriology'r' 
(individual scores) 
none HeJ 0.00 (O," 0, 0) --~-------
none HeOuJ 0.00 (0, 0, 0) 
3X HeJ 0.00 (0, 0, 0, 0) 
5X HeJ 0.00 (0, 0, 0, 0) 
hypoxoside HeJ 0.00 (0, 0, 0, 0) 
none + HeJ 2.67 (3, 3, 2) + 
none + HeOuJ 3.00 (3, 3, 3) + 
3X + HeJ 2.25 (3, 2, 2, 2) + 
5X + HeJ 0.00 (0, 0, 0, 0) + 
hypoxoside + HeJ 0.00 (0, 0, 0, 0) + 
-'*'* ''"'R!Qll,_lfli!)I-
a In study II, C3H/HeJ mice were treated with either antibiotics or hypoxoside. Mice treated 
with antibiotics received either a combination of 5 antibiotics daily begining at 7 days prior to 
challenge or a combination of 3 antibiotics daily begining at 3 days prior to challenge and 
throughout the experimental period. Mice treated with hypoxoside were intubated 
intragastrically with 15 mg of hypoxoside in 0.25 ml dH20 every day begining at 8 days 
prior to challenge and throughout the experimental period. 
b Noninfected C3H/HeJ and C3H/He0uJ mice were used as negative controls. C3H/HeJ and 
C3H/HeOuJ mice infected only with S. hyodysenteriae were used as positive controls. Mice 
were inoculated intragastrically with 1 x 108 Iog phase S. hyodysenteriae strain B204 in 0.5 
ml of culture broth and sacrificed at 72 hrs postinfection. 
c Gross lesions in ceca were scored as described in Material and Methods. 
d Cecal contents were cultured and examined for the presence of S. hyodysenteriae as 
described in Table 2. 
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did not develop cecal lesions at 72 hours PI even though each mouse was culture positive. The 
gross appearance of ceca from S. hyodysenteriae infected mice which received hypoxoside was 
the same as that of ceca from the corresponding noninfected mice. Ceca from S. 
hyodysenteriae infected mice which received 5X antibiotic cocktail were morphologically 
similar to those from the corresponding noninfected mice, with a flaccid appearance and fluid 
cecal contents. 
Histological examination 
To correlate the macroscopic findings with microscopic changes, hematoxylin and 
eosin (H&E) staining was used for assessment of histopathology in Study II. 
Cecal tissues from non-infected C3H/HeJ or C3H/HeOuJ mice had normal structure of 
tall columnar epithelial cells (Figure 4). Few mitotic figures were found in epithelium. No 
edema or increased leukocyte infiltration was observed in lamina propria. Gut associated 
lymphoid tissue (GALT) had few lymphoid follicles with small germinal centers. Cecal tissues 
from S. hyodysenteriae infected C3H/HeJ or C3H/HeOuJ mice displayed crypt elongation, 
gland hyperplasia, mitotic figures of epithelial cells and mild inflammatory cell infiltraion in 
lamina propria, indicating mild diffuse inflammation in the ceca (Figure 5). Crypts were closely 
packed due to contraction of the ceca and loss of cecal contents. Submucosal edema was 
present in C3H/HeOuJ mice. The epithelium of non-infected mice treated with 5X antibiotic 
cocktail or hypoxoside displayed a villous-like architecture in their cecal mucosa. Very mild 
and focal submucosal edema was present in the ceca of two out of eight mice in these two 
groups. No epithelial cell hyperplasia and mitotic figures were demonstrated in the ceca. S. 
hyodysenteriae infected mice treated with 5X antibiotic cocktail or hypoxoside exhibited similar 
histological appearance in their ceca as non-infected mice treated with 5X antibiotic cocktail or 
hypoxoside. 
Proliferation of cecal mucosa) epithelial cells assessed by BrdU staining 
To examine the effect of hypoxoside or antibiotics on epithelial proliferation and to 
correlate mucosa] epithelial proliferation with the microscopic findings of crypt elongation and 
hyperplasia, proliferation of mucosa] epithelial cells in cecum was assessed by the number of 
BrdU containing epithelial cells and results are expressed as a percentage ratio of the total 
number of epithelial cells in the crypts. Means and standard deviations of percentage of BrdU 
labelled cells from treatment groups were calculated and listed in Table 4. C3H/HeOuJ mice 
infected with S. hyodysenteriae had a mean of 27.50% BrdU labelled cells in 10 full-length 
crypts from 3 mice in the group. This was significantly different (p<0.01) from a mean of 
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Figure 4. Cecal tissue from a normal, noninfected C3H/HeJ mouse.Tissue sections were 
stained with hematoxylin and eosin. Cecal glands are lined by regularly arranged epithelial 
cells. The lamina proprial and submucosal spaces are minimal and contain few cells. 
Magnification 6X 
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Figure 5. Cecal tissue from a C3H/HeJ mouse infected with S. hyodysenteriae and necropsied 
at 72 hrs postinfection. Tissue sections were stained with hematoxylin and eosin. Cecal 
hyperplasia is evidenced by crowding of dilated glands and hyperchromicity of epithelial 
cells. An expansion of submucosal and lamina proprial spaces by edema and inflammatory 
cells is also notable. Magnification 6X 
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Table 4. Cecal epithelial cell proliferation assessed by BrdU staining 
"''""'sTral~'""Pretreatment Percent BrdU Labelled Cells (Mean ± Sri'f 
Noninfected Infectedh 
"'""cifiAfe'our .. ·--""""-Nonec --6~1·:r~Fo.23 cn=3) 21.50 ± 5.22 ·cn=3T 
C3H/HeJ 
C3H/HeJ Antibioticsc 
C3H/HeJ H ypoxoside1 
10.36 ± 1.07 (n=3) 
4.70 ± 0.75 (n=3) 
7 .05 ± 2.28 (n=4) 
29.73 ± 8.46 (n=3)* 
6.48 ± 1.16 (n=4)** 
9.40 ± 3.38 (n=3)** 
a Mice were treated with BrdU as described in Material and Methods. Percentage of BrdU 
labelled cells is calculated as the number of BrdU labelled epithelial cells divided by the total 
number of epithelial cells in 10 full-length crypts. Data are expressed as mean± SD from n 
mice. Two tailed student's t-test was used to determine significance of differences between 
treatments. 
b Mice were infected with lx 108 log phase S. hyudysenteriae B204 in 0.5 ml culture broth. 
c C3H/He0uJ mice were not treated with antibiotics or hypoxoside and were used to make a 
comparison between two strains of mice. 
d Mice were not treated with antibiotics or hypoxoside. 
e Mice were treated with a combination of 5 antibiotics begining at 7 days prior to challenge and 
throughout the experiment at the following concentrations: colistin, 6.25 µg/ml, vancomycin, 
6 µg/ml, spiranycin, 15.25 µg/ml, rifampicin, 12.5 µg/ml, and spectinomycin, 200 µg/ml. 
f Mice were intubated intragastrically with 15 mg of hypoxoside in 0.25 ml dH20 every day 
begining at 8 days prior to challenge and throughout the experimental period. 
n *, P < 0.02 when compared to the corresponding noninfected group;**, no significant 
difference from the corresponding noninfected group. 
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6.73% BrdU labelled cells in noninfected C3H/He0uJ mice. S. hyodysenteriae infected 
C3H/HeJ mice had a mean of 29.73% BrdU labelled cells, which was significantly increased 
(p<0.02)when compared to a mean of 10.36% BrdU labelled cells in noninfected C3H/HeJ 
mice. S. hyodysenteriae infected C3H/HeJ mice treated with 5X antibiotic cocktail had a mean 
of 6.48% BrdU labelled cells, which was not significantly different (p>0.05) from a mean of 
4.7% of BrdU labelled cells in noninfected C3H/HeJ mice treated with 5X antibiotic cocktail. 
S. hyodysenteriae infected C3H/HeJ mice treated with hypoxoside had a mean of 9.40% BrdU 
labelled cells, which was not significantly different (p>0.40) when compared to a mean of 
7.05% BrdU labelled cells in noninfected C3H/HeJ mice treated with hypoxoside. In normal 
noninfected mice, 5-way antibiotic or hypoxoside treated mice, BrdU labelled cells 
were only at the base of the crypts. When untreated C3H/HeJ or C3H/HeOuJ mice were 
infected with S. hyodysenteriae, BrdU labelled epithelial cells extended through almost 75% of 
the entire length of crypt. BrdU stained epithelial cells from different treatments are 
demonstrated in pictures included in Figure 6, 7, 8, 9, 10 and 11. 
Semi-quantitative RT-PCR 
To investigate the effect of hypoxoside or antibiotic treatment on local proinflammatory 
cytokine production and to correlate the proinflammatory cytokine responses with macroscopic 
and microscopic findings, expression of TNF-a mRNA was determined by RT-PCR analysis. 
Total RNA was reverse transcribed and amplified with TNF-a primers. Total RNA from the 
same treatment group was pooled during RT-PCR. TNF-a was coamplified with ~-actin as 
described earlier. PCR products were separated on a 1.5% agarose gel. The intensities of the 
TNF-a-specific PCR products and ~-actin-specific PCR products were measured using NIH 
Image 1.55 software. The percentage ratios of TNF-a mRNA in the treated mice (e.g., S. 
hyodysenteriae infected, hypoxoside or 5X antibiotic cocktail treated) divided by TNF-a 
mRNA in normal, noninfected C3H/HeJ mice were calculated and shown in Figure 12. At 72 
hours postinfection, a 60% increase in the expression of TNF-a mRNA was demonstrated in 
C3H/HeJ mice only infected with S. hyodysenteriae as compared to that in non-infected 
C3H/HeJ mice when mice were not treated with either hypoxoside or 5X antibiotic cocktail. 
No upregulation in the expression of TNF-a mRNA was detected in those S. hyodysenteriae 
infected C3H/HeJ mice which were treated with hypoxoside or 5X antibiotic cocktail. In 
comparison to normal, noninfected C3H/HeJ mice, expression of TNF-a mRNA was 
downregulated in the ceca of C3H/HeJ mice treated with 5X antibiotic cocktail or hypoxoside 
regardless of being infected or not. Expression of TNF-a mRNA was decreased by 
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Figure 6. Normal, noninfected C3H/HeJ mouse ceca. Immunohistochemical detection of 
proliferating epithelial cells. BrdU was administered to each mouse l hr prior to necropsy. 
Tissue sections were then immunohistochemically stained using anti-BrdU specific antibody 
(see Material and Methods). BrdU labelled cell nuclei appear brown. Magnification 40X 
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Figure 7. Serpulina hyodysenteriae-infected C3H/HeJ mouse ceca. Irnrnunohistochemical 
detection of proliferating epithelial cells. BrdU was administered to each mouse 1 hr prior to 
necropsy. Tissue sections were then irnrnunohistochemically stained using anti-BrdU specific 
antibody (see Material and Methods) . BrdU labelled cell nuclei appear brown. 
Magnification 40X 
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Figure 8. Normal, noninfected C3WHeOuJ mouse ceca. Immunohistochemical detection of 
proliferating epithelial cells. BrdU was administered to each mouse 1 hr prior to necropsy. 
Tissue sections were then immunohistochemically stained using anti-BrdU specific antibody 
(see Material and Methods). BrdU labelled cell nuclei appear brown. Magnification 40X 
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Figure 9. Serpulina hyodysenteriae-infected C3WHeOuJ mouse ceca. Immunohistochemical 
detection of proliferating epithelial cells. BrdU was administered to each mouse 1 hr prior to 
necropsy. Tissue sections were then immunohistochemically stained using anti-BrdU specific 
antibody (see Material and Methods). BrdU labelled cell nuclei appear brown. 
Magnification 60X 
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Figure 10. Noninfected and hypoxoside treated C3H/HeJ mouse ceca. Immunohistochemical 
detection of proliferating epithelial cells. BrdU was administered to each mouse 1 hr prior to 
necropsy. Tissue sections were then immunohistochemically stained using anti-BrdU specific 
antibody (see Material and Methods). BrdU labelled cell nuclei appear brown. 
Magnification 40X 
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Figure 11 . Hypoxoside treated and S. hyodysenter iae-infected C3H/HeJ mouse ceca. Immu-
nohistochemical detection of proliferating epithelial cells. BrdU was administered to each 
mouse 1 hr prior to necropsy. Tissue sections were then immunohistochemically stained 
using anti-BrdU specific antibody (see Material and Methods). BrdU labelled cell nuclei 
appear brown. Magnification 60X 
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Figure 12. Comparison of TNFa.-specific mRNA expression in the cecal mucosa of treated 
C3H/HeJ mice relative to that in untreated (control) C3H/HeJ mice. Separate groups of 
C3H/HeJ mice received the following treatments: a) infected with S. hyodysenteriae; b) oral 
hypoxoside only; c) oral hypoxoside plus S. hyodysenteriae infection; d) oral 5X antibiotic 
cocktail; e) oral 5X antibiotic cocktail plus S. hyodysenteriae infection. Total RNA isolation 
and determination of TNFa-specific mRNA were described in Material and Methods. Results 
are expressed as percentage of TNFa-specific mRNA in the treated groups (a-e) divided by the 
TNFa mRNA of untreated C3WHeJ mice. The amount of TNFa mRNA detected in the cecal 
tissue of untreated C3H/HeJ mice was used as the 100% value. 
-----------------~------ --- - . . .. . ..... . 
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approximately 40% in noninfected or infected C3H/HeJ mice treated with 5X antibiotic cocktail 
or hypoxoside when compared to that in normal noninfected C3H/HeJ mice. 
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DISCUSSION AND CONCLUSIONS 
Disease following infection with S. hyodysenteriae is characterized by a local 
inflammatory response. Like other local inflammatory responses, proinflammatory cytokines 
(e.g., TNF-a and IL-1 p) are believed to play important roles in the disease. TNF-a is 
produced mainly by mononuclear phagocytes. Exogenous substances such as 
lipopolysaccharides and endogenous mediators such as IL- I stimulate the synthesis of TNF-a 
by monocytes/macrophages. TNF-a causes vascular endothelial cells to express adhesion 
molecules for leukocytes, initially for neutrophils and subsequently for monocytes and 
lymphocytes (1). TNF-a also increases the adhesiveness of neutrophils to endothelial cells and 
activates leukocytes, especially neutrophils, to kill microbes. TNF-a also stimulates the 
production of IL-1, IL-6, TNF-a itself and chemokines. Several papers reported that TNF-a 
increased the expression of adhesion molecules, such as ICAM-1 and VCAM-1 ( 189) and the 
production of chemotactic factors, such as leukotriene B4 (LTB4), platelet-activating factor 
(182), and some chemokines. 
IL-1 has been one of the hallmark measures in a number of inflammatory diseases of 
the intestine. IL-1 can be produced by activated mononuclear phagocytes, epithelial and 
endothelial cells ( 1 ). Bacterial LPS, TNF or IL-1 itself stimulates the production of IL-1 by 
mononuclear phagocytes. There are two forms of IL-1, IL-1 a and IL-1 p, and they are products 
of two separate genes. Most activity of IL-1 in the circulation is from IL-1 p. IL-1 induces 
synthesis of IL-6 and more IL-1 by mononuclear phagocytes and vascular endothelial cells. IL-
1 increases the expression of adhesion molecules on endothelial cells to mediate leukocyte 
infiltration and induces the synthesis of chemokines by mononuclear phagocytes and 
endothelial cells. IL-1 also increases vascular permeability and edema ( 1 ). 
Previously, it has been shown that in vitro stimulation of murine peritoneal exudate 
cells (PECs) or porcine alveolar macrophages with S. hyodysenteriae endotoxin induced 
inflammatory cytokine expression. S. hyodysenteriae endotoxin has been shown to be capable 
of inducing production of TNF-a and IL-IP by murine PECs in vitro (43). More recently, it 
was shown that the stimulation of porcine alveolar macrophages with S. hyodysenteriae LPS 
or endotoxin induced an increased expression of IL-1 p and IL-8 rnRNA, but not TNF-a or IL-
6 mRNA in vitro (154). In vivo, peritoneal injection of S. hyodysenteriae LPS or endotoxin 
induced an elevation in serum TNF-a in mice, but the same preparations of LPS or endotoxin 
induced a weak and transient serum TNF-a response in pigs (129). However, little or no 
information exists which describes the cytokines produced at the inflammatory site (i.e., 
colonic mucosa) following infection with S. hyodysenteriae. The purpose of the present study 
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was to characterize the in vivo local proinflammatory cytokine responses following S. 
hyodysenteriae infection. 
Another important observation from previous studies was that neutrophil infiltration 
was critical in lesion development following S. hyodysenteriae infection (153). Thus, the 
present study also analyzed the production of chemokines which are chemotactic for 
neutrophils (e.g., MIP-2) at the local inflammatory site. Chemokines are a family of 
structurally homologous cytokines, ranging in molecular size from 8 to lO k.Da, which attract 
leukocytes (1 ). These proteins possess a highly conserved cysteine motif in their primary 
structure and can be divided into four subfamilies based on whether the first two amino 
terminal cysteines are separated by one amino acid (C-X-C), three amino acids (CX3C), or are 
adjacent (C-C), or whether the second cysteine is missing (C) (190). The murine homologues 
of the human C-X-C chemokines are KC, macrophage inflammatory protein-2 (MIP-2), crg-2, 
and MIG. C-X-C chemokines are produced by mononuclear phagocytes, endothelial cells, 
fibroblasts, and megakaryocytes and are chemotactic for neutrophils (1 ). The production of 
chemokines can be induced in response to viruses, bacterial products, IL-1, TNF, C5a, 
leukotriene B4 (LTB4), and IFNs (177). 
In the present study (study I), mice were challenged with S. hyodysenteriae in order to 
measure the upregulation of proinflammatory cytokines (e.g., TNF-a and IL-1 p) and MIP-2, a 
C-X-C chemokine, in the ceca at various times post-infection. C3H/HeOuJ mice, a strain of 
LPS responsive mice, were used in the study of local proinflammatory cytokine expression 
after S. hyodysenteriae infection. In this study, C3H/HeOuJ mice started to develop cecal 
lesions within the first 24 hrs PI; however, severe cecal lesions did not occur until 48 hrs PI. 
A 1.5-fold increase in TNF-a-specific mRNA expression in S. hyodysenteriae-infected 
ceca was demonstrated at 24 hrs PI and remained elevated for at least 96 hrs PI. This acute 
induction of TNF-a mRNA expression suggests that TNF-a is one of the primary cytokines 
triggering subsequent inflammatory events, such as chemokine production, adhesion molecule 
expression and leukocyte extravasation following infection with S. hyodysenteriae . The 
relatively small increase in TNF-a mRNA expression may be related to the fact that a small 
percentage of lamina proprial cells are macrophages, the major cellular source of TNF-a. 
The importance of neutrophil infiltration into the cecal mucosa has been demonstrated in 
previous studies. For example, treatment of mice with anti-CD18 or -Cd29 reduced or even 
completely abrogated neutrophil infiltration as well as lesion severity after S. hyodysenteriae 
infection (I 53). Recruitment of neutrophils would occur subsequent to the upregulation of C-
X-C chemokine specific mRNA expression. The present study showed that MIP-2-specific 
mRNA expression was upregulated as early as 24 hrs after S. hyodysenteriae infection and 
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was maintained through 96 hrs PI. This would explain the previous observation that neutrophil 
infiltration was demonstrable at 24 hrs after S. hyodysenteriae infection (153). MIP-2 
expression returned to baseline level by day 10 PI, which is also consistent with the transient 
nature of the neutrophil accumulation at inflammatory sites. 
Unlike TNF-a. or MIP-2, IL-IP-specific mRNA expression did not change within the 
first 72 hrs after S. hyodysenteriae infection. However, an increase of IL-1 P-specific mRN A 
expression was observed at 96 hrs PI and 10 days PI. This suggested that the increased levels 
of IL-1 ~-specific mRNA resulted from the accumulation of infiltrating mononuclear leukocytes 
in this case. In contrast, the acute upregulation of TNFa-specific or MIP-2-specific mRNA 
appeared to be associated with stimulation ofresident cells present in the cecal mucosa (e.g., 
epithelial cells, fibroblasts, monocytes). However, maintenance of the TNF-a. or MIP-2 
response beyond 48 hrs PI may be attributed to recruited cells as well as resident cells in the 
cecal mucosa. 
The upregulation of cytokine-specific mRNA expression strongly suggested the 
importance of local proinflammatory cytokine response in the disease following infection with 
S. hyodysenteriae. However, the ability to block cytokine production would be more direct 
evidence for the role of proinflammatory cytokines in the pathogenesis. To achieve this effect, 
hypoxoside, a potential anti-inflammatory drug was used in the present study to inhibit the 
inflammatory responses following infection with S. hyodysenteriae. Hypoxoside is a 
diglucoside isolated from the corms of the plant family Hypoxidaceae. In the colon, 
hypoxoside is converted by bacterial beta-glucosidase into its cytotoxic aglucone compound 
called rooperol (6). Rooperol has been shown to have anti-inflammatory effects. One paper 
reported that rooperol inhibited the in vitro production of TNF-a., IL-1, IL-6, and nitric oxide 
by endotoxin-stimulated human or rat macrophages and the histiocytic cell line U937 ( 44 ). 
More recently, it was reported that rooperol decreased the expression of vascular cell adhesion 
molecule- I (VCAM-1) and nitric oxide synthase (iNOS) in cultured microvascular endothelial 
cells stimulated by TNF-a. or IFN-y, again suggesting the role of rooperol as a therapeutic anti-
inflammatory agent ( 13). However, there is no published evidence that hypoxoside has anti-
inflammatory eff ets in vivo. 
The current study (study II) was undertaken to investigate the effects of hypoxoside on 
lesion formation and proinflammatory cytokine production in mouse cecal mucosa following 
infection with S. hyodysenteriae. LPS hyporesponsive C3H/HeJ mice were used in the study 
of anti-inflammatory effects of hypoxoside in vivo. C3H/HeJ mice were intubated 
intragastrically with hypoxoside begining at 8 days prior to challenge and throughout the 
experimental period. The hypoxoside treatment did not induce any macroscopic changes in the 
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ceca of noninfected mice, but slight microscopic changes were noted in the surface epithelial 
cells of the ceca. C3H/HeJ mice treated with hypoxoside did not develop cecal lesions at 72 
hours after they were infected with S. hyodysenteriae. Gross appearance of ceca from S. 
hyodysenteriae infected mice which were treated with hypoxoside was the same as that of ceca 
from the corresponding noninfected mice, even though all challenged mice were culture 
positive for S. hyodysenteriae. In agreement with the macroscopic observations, S. 
hyodysenteriae infected mice treated with hypoxoside presented histological appearances 
essentially identical to cecal tissue from their corresponding non-infected mice. Thus, 
hypoxoside had an effect of inhibiting the development of cecal lesions after S. hyodysenteriae 
infection. 
To correlate the epithelial proliferation with the microscopic observations of crypt 
elongation and hyperplasia, proliferation of epithelial cells in cecal mucosa was assessed by the 
number of BrdU containing epithelial cel1s using immunohistochemical technique. 
Immunohistochemical detection of BrdU labelled cells did not show any significant increase in 
the number of proliferating epithelial cells in hypoxoside treated C3H/HeJ mice following S. 
hyodysenteriae infection. This was consistent with the lack of significant mucosa] hyperplasia 
in hypoxoside treated mouse ceca after S. hyodysenteriae infection. 
Since it was shown that rooperol, a derivative of hypoxoside, inhibited the production 
of proinflammatory cytokines in vitro, hypoxoside may abrogate lesion formation after S. 
hyodysenteriae infection by blocking local cytokine production. To test this hypothesis, 
expression of TNF-a. mRNA in cecal tissues was determined by RT-PCR. Following infection 
with S. hyodysenteriae, no upregulation in the expression of TNF-a. mRNA was 
demonstrated in the ceca of hypoxoside treated mice when compared to that in noninfected mice 
treated with hypoxoside. On the contrary, TNF-a. mRNA expression was decreased by 40% in 
hypoxoside treated mice, including noninfected and infected mice, when compared to that in 
normal noninfected mice at 72 hrs Pl These results strongly suggested an anti-inflammatory 
effect of hypoxoside in vivo. These results also implied that hypoxoside might abrogate cecal 
lesions by inhibiting the expression and production of proinflammatory cytokines, such as 
TNF-a, further supporting the hypotheses that proinflammatory cytokines are important in 
local inflammatory response and that TNF-a may play an role in inducing chemokine 
production, adhesion molecule expression, leukocyte infiltration and the consequent tissue 
damage. Hypoxoside downregulated the expression of proinflammatory cytokines, such a<; 
TNF-a, in noninfected as well as infected mouse ceca, indicating that TNF-a. expression is 
constituitive and may be necessary for mucosal homeosta<1is. Inflammatory responses in the 
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mucosa may result from levels of TNF and/or other cytokines which exceed the amount 
necessary for tissue homeostasis. 
Many inflammatory diseases of the intestine display histological similarities, suggesting 
common mechanisms mediating intestinal inflammation. Since many animal models of 
intestinal inflammation have been shown to require the presence of enteric flora, it has been 
postulated that the inflammation in various models may result from host immune responses to 
common antigens (e.g., intestinal microflora) when the host has a compromised epithelial 
barrier (178). Thus, host inflammatory responses following infection with S. hyodysenteriae 
may be initiated by molecules from normal flora. Previous work repeatedly showed that the 
presence of normal flora in the large intestine in swine and mice is necessary for those animals 
to develop lesions once infected with S. hyodysenteriae. Gnotobiotic pigs or mice have been 
used to address this issue. Gnotobiotic pigs or mice developed gross lesions when they were 
infected concomittantly with S. hyodysenteriae and Bacteroides vulgatus, but not with S. 
hyodysenteriae alone, even though colonization by S. hyodysenteriae was found at a high 
density within cecal lumen of those gnotobiotic animals (19, 49, 55, 81, 114-116, 203). To 
assess whether the absence of macroscopic lesions in gnotobiotic animals following infection 
with S. hyodysenteriae was the result of an immature immune response of the gnotobiotic 
animals or not, immunologically competent mice were treated with antibiotics to selectively 
deplete members of the normal flora. In one study, flora-bearing C3H/HeSnJ and BALB/cByJ 
mice were treated with a combination of 5 antibiotics (spiramycin, spectinomycin, vancomycin, 
colistin, and rifampicin) (126). A second study was conducted using C3H/HeOuJ mice treated 
with a combination of 3 antibiotics (rifampin, colistin, spiramycin) (36). In both studies, the 
antibiotic-treated mice failed to develop cecitis or developed less severe lesions when compared 
to untreated mice. The results suggested an active role of the normal flora, such as B. vulgatus, 
in lesion development following S. hyodysenteriae challenge. 
In the current study (study II), separate groups of mice were treated with two different 
antibiotic cocktails to investigate the effect of normal flora on local proinflammatory cytokine 
response. Antibiotic-treated mice received either a combination of 5 antibiotics begining at 7 
days prior to challenge or a combination of 3 antibiotics begining at 3 days prior to challenge 
and throughout the experimental period. Results of the present study showed that noninfected 
mice treated with 3 antibiotics had a similar gross appearance in ceca as normal non-infected 
mice. However, the gross appearance of ceca from non-infected mice treated with 5 antibiotics 
was different than that of a normal noninfected mouse; ceca in non-infected mice treated with 5 
antibiotics appeared flaccid and contained more fluid cecal contents. Treatment with the 
combination of 3 antibiotics reduced the severity of gross lesions in the ceca, but did not 
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completely abolish the cecal lesions. However, treatment with the combination of 5 antibiotics 
completely abrogated macroscopic lesions in the ceca of mice challenged with S. 
hyodysenteriae. In agreement with the gross observations, hemotoxy lin and eosin staining of 
cecal tissue showed that mice treated with 5 antibiotics did not develop the microscopic changes 
associated with S. hyodysenteriae infection. 
Immunohistochemical staining of BrdU labeled cells showed that there was no 
significant increase in the number of proliferating epithelial cells in 5-antibiotic treated 
C3H/HeJ mice following S. hyodysenteriae infection. This was again consistent with the 
absence of mucosal hyperplasia in the ceca of mice treated with the 5 antibiotics. 
Expression of TNF-a mRNA was not upregulated in cecal tissue of mice treated with 
5-antibiotic cocktail. As a matter of fact, TNF-a mRNA expression was decreased by 
approximately 40% in both noninfected and infected mice treated with 5 antibiotics, when 
compared to that in untreated control mice at 72 hrs PI. These results suggested that the 
combination of 5 antibiotics used in the experiment was more efficient than the combination of 
3 antibiotics in protecting mice from the development of cecal lesions caused by S. 
hyodysenteriae infection. This was due to the difference in the duration of administration of the 
two combinations as well as the two additional antibiotics included in 5 antibiotics. The 
combination of 5 antibiotics abrogated cecal lesions by depleting normal flora in the ceca, again 
suggesting an important role of normal flora in lesion development following S. 
hyodysenteriae infection. The inability to upregulate TNF-a mRNA expression further 
indicated the importance of local proinflammatory cytokine expression in lesion formation and 
the requirement of specific members of normal flora for the upregulation of proinflammatory 
cytokine expression following S. hyodysenteriae infection. A downregulation in the expression 
of TNF-a mRNA in noninfected as well as infected mice treated with 5 antibiotics indicated 
that the presence of normal flora maintained an endogenous level of TNF-a mRNA expression 
and inflammatory responses in the mucosa may result from levels of TNF which exceed 
amount necessary for homeostasis. 
The exact role of intestinal microflora in the pathogenesis of swine dysentery is not 
known. Normal flora might make the host more susceptible to S. hyodysenteriae infection by 
stimulating the host mucosal tissues to maintain a certain level of immune responses (e.g. a 
certain level of cytokine production) which will boost the inflammatory response after the 
infection with S. hyodysenteriae. The results of present study strongly support the role of 
normal flora in maintaining a base level of proinflammatory cytokine expression in the ceca. 
In summary, proinflammatory cytokine production is important in the initial 
inflammatory responses following S. hyodysenteriae infection. Expression of TNF-a mRNA 
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and MIP-2 mRNA were upregulated early (i.e., 24 hrs) after infection. This was followed by 
an upregulation of IL-1 ~ mRNA expression, which may be associated with the transition from 
neutrophilic to monocytic infiltration. Blocking induction of proinflammatory cytokine 
response with hypoxoside or removing inflammatory stimuli (e.g., intestinal flora) resulted in 
no disease following S. hyodysenteriae infection. The present study supports the paradigm that 
disease following infection with S. hyodysenteriae requires the presence of the spirochete, a 
host-mediated inflammatory response and the presence of the normal flora. 
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